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Preface

The terahertz (THz) frequency band gap or ‘THz gap’ is the most untouched and
unexplored portion of the entire radio frequency (RF) spectrum.This band (0.30–10.0
THz) lies between the millimeter-wave (mm-wave (RF)) and infrared (IR (optical))
bands, which means THz band includes the tremendously high-frequency (THF)
band (i.e., 0.30–3.0 THz) and extends up to the starting of the far-IR band (i.e.,
10.0 THz). Therefore, the researchers are nowadays trying to uncover the technolo-
gies from both sides, i.e., from both RF and optical spectrums, in order to explore
the THz band and to develop devices and circuits for realizing the THz systems.
The mm-wave spectrum is already in use in 5th generation (5G) mobile commu-
nication technology. The THz spectrum will play a vital role in next-generation
mobile communication technologies (i.e., 6G and onward). The primary advantage
of THz communication is that the ultra-high speed of data transfer can be achieved
in this spectrum; i.e., uses of additional techniques for spectral efficiency enhance-
ment are not required. Moreover, from the perspective of wireless transmission, a
smaller wavelength of THz signals helps those to achieve greater directivity, smaller
free-space diffraction, etc.; in this regard, THz communication is much advanta-
geous than the mm-wave wireless communication. On the other hand, unlike the
IR or visible light communication systems, THz communication is not very much
hampered by the alignment issues, scintillation, ambient light interface, atmospheric
turbulence, fog, etc. There is a high chance of achieving ultra-high bandwidth with
ultra-low-latency communication systems by using the THz spectrum in the near
future. However, one prominent limitation of long-haul THz communication is the
considerable amount of absorption of THz signals in water vapor molecules at and
beyond1.0THz.Other than the communication, theTHz frequencyband is also under
huge demand in different other sectors like medical, pharmaceutical sectors, food
diagnostics, industrial quality inspection, bio-sensing, bio-imaging, remote sensing,
spectroscopy, astronomy, etc. Due to the lower photon energy of the THz waves as
compared to X-ray photons, the THz frequency band is much secure and effective
for remote inspection of historical artifacts, highly sensitive semiconductor devices,
historical paintings, historical structures, etc. This book contains detailed descrip-
tions and associated discussions regarding different generation, detection and signal
processing techniques for the electrical and optical signals within the THz frequency
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vi Preface

spectrum (0.30–3.0 THz). It includes detailed reviews of some recently developed
electronic and photonic devices for generating and detecting THz waves, potential
materials for implementing THz devices and circuits, some newly developed systems
and methods associated with THz wireless communication, THz antennas and some
cutting-edge techniques associated with the THz signal and image processing. The
proposed book covers a very vast audience from basic science to engineering and
technology experts as well as learners. This could eventually work as a textbook for
engineering students or science master’s programs and for researchers. This book
also serves a common public interest by presenting new methods for data evalua-
tion, medical diagnosis, etc., to improve the quality of life in general, with a better
integration into society.

Cooch Behar, West Bengal, India
Asansole, West Bengal, India
Cooch Behar, West Bengal, India

Aritra Acharyya
Arindam Biswas

Palash Das
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Introduction to Generation, Detection
and Processing of Terahertz Signals

Aritra Acharyya, Arindam Biswas, and Palash Das

Abstract In this preparatory chapter, a brief introduction to the generation, detection
and processing of terahertz (THz) signals is given. Short descriptions of prospective
applications of THz signals as well as some state-of-the-art electronic and photonic
devices have also been included in this chapter. A chapter-wise overview of the entire
book has been incorporated at the end of this introductory chapter.

Keywords Generation · Detection ·Materials · Signal processing · Terahertz ·
Terahertz antenna · Terahertz-gap ·Wireless communication

1 Introduction

The terahertz (THz) frequency band or ‘THz-gap’ is the most untouched and unex-
plored portion of the entire radio-frequency (RF) spectrum. This band (0.3–10 THz)
lies between the millimeter-wave (mm-wave (RF)) and infrared (IR (optical)) bands;
which means, THz band includes the tremendously high frequency (THF) band (i.e.
0.3–3 THz) and extends up to the starting of the far-IR band (i.e. 10 THz). Therefore,
the researchers are now-a-days trying to uncover the technologies from both sides,
i.e. from both RF and optical spectrums, in order to explore the THz band and to
develop devices and circuits for realizing the THZ systems. The mm-wave spectrum
is already in use in 5th generation (5G) mobile communication technology [1, 2].
The THz spectrum will play a vital role in next generation mobile communication
technologies (i.e. 6G and onwards) [3–8]. The primary advantage of THz communi-
cation is that the ultra-high speed of data transfer can be achieved in this spectrum; i.e.
uses of additional techniques for spectral efficiency enhancement are not required).
Moreover, from the perspective of wireless transmission, smaller wavelength of THz
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signals help those to achieve greater directivity, smaller free-space diffraction, etc.;
in this regard, THz communication is much advantageous than mm-wave wireless
communication. On the other hand, unlike the IR or visible light communication
systems, THz communication is not very much hampered by alignment issues, scin-
tillation, ambient light interface, atmospheric turbulence, fog, etc. [9, 10]. There is
a high chance of achieving ultra-high bandwidth with ultra-low latency communi-
cation systems by using THz spectrum in near future [11]. However, one prominent
limitation of long-haul THz communication is the considerable amount of absorption
of THz signals in water vapour molecules at and beyond 1 THz.

Other than the communication, the THz frequency band is also under huge
demand in different other sectors likemedical, pharmaceutical sectors, food diagnos-
tics, industrial quality inspection, bio-sensing, bio-imaging, remote sensing, spec-
troscopy, astronomy, etc. [12–21]. Due to the lower photon energy of THz waves
as compared to X-ray photons, THz frequency band is much secure and effective
for remote inspection of historical artefacts, highly sensitive semiconductor devices,
historical paintings, historical structures, etc. [22].

2 Latest Developments in THz Technologies

Several technological challenges associated with the generation, detection and
processing of the THz signals result limited amount of efforts among the researchers
to explore the 0.3–10 THz frequency spectrum; as a result of it, this unexplored
spectrum is referred to as the ‘THz-gap’ as mentioned in the earlier section. Due
to the limited amount of power output of the THz sources and low sensitivity of
THz detectors, the development of THz communication system is still underdevel-
oped [23, 24]. Moreover, the resolution of THz imaging within the range of 0.3–5
THz is significantly low as compared to the X-ray imaging, due to the longer wave-
length of the THz signals within the said frequency range [25]. In order to achieve
higher imaging resolution, frequencies greater than 5 THz have to be used for the
said purpose. But efficient generation of high-power 5–10 THz signals is a highly
challenging task. The saturation drift velocity of the charge carriers in the base
semiconductor materials used to fabricate the electronic and optoelectronic devices
operational within this frequency range must be significantly high. Also, the break-
down field of these materials must be very high in order to achieve high THz power
from those devices. Some wide bandgap (WBG) materials like GaN, SiC, diamond,
etc. and some two-dimensional (2-D) carbon-based nano0materials like carbon nano-
tubes (CNTs), graphene nano ribbons (GNRs), etc., show immense potentialities in
this regard [26–30]. Examples of some promising semiconductor based THz sources
are given below:

(a) Quantum cascade lasers,
(b) Negative differential resistance (NDR) diodes,
(c) Impact avalanche transit time (IMPATT) diodes,
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(d) Heterostructure field effect transistors (HFTs),
(e) Resonant tunneling diodes (RTDs),
(f) GUNN diodes,
(g) High electron mobility transistors (HEMTs), etc.

One extraordinary technique for generating intense THz pulses of picoseconds
duration is the optical rectification technique [31] which utilizes the nonlinear
optical method. Some examples of optical nonlinear crystals which are used for
optical rectification are DAST, DSTMS, OH-1, etc. [32]. State-of-the-art lithog-
raphy controlled etching techniques, advanced techniques to fabricate micro-electro-
mechanical systems (MEMS) enable the modern researchers to achieve excellent
surface quality, moderate grain size (>100 nm) and extremely low surface rough-
ness (20 nm) [33], while fabricating THz vacuum electronic device (VED) sources
with transverse circuit dimensions of the order of sub-mm range [34–38]. Signifi-
cantly high-power capability of THz VED sources is highly promising for numerous
applications in THz science and technology range [34–36]. Some other potential
non-semiconductor based THz devices are given by

(a) Accelerator-based THz sources,
(b) Photoconductive devices,
(c) Backward wave oscillators (BWOs) [37],
(d) Free electron lasers [38],
(e) Frequency multiplication devices [39],
(f) Gas lasers, etc.

All the above-mentioned devices are operational at room temperature.
On the other hand, detection of THz signals is a very challenging task due to the

unavailability of sufficiently sensitive THz detectors. However, rapid research works
since last two decades provided a few promising THz detectors, which are already
commercially available. Some examples of those are given by

(a) Schottky barrier diodes (SBDs) [40],
(b) Photoconductive folded dipole antenna,
(c) Micro-bolometer [41, 42],
(d) Bolometer,
(e) Pyroelectric detectors,
(f) Hot electron bolometer [43],
(g) Field effect transistors (FETs) [44], etc.

Realization of system-level THz technologies essentially requires compact and
systematic signal processing techniques. Recent advances in THz signal processing
techniques, modelling of channel, noise, etc., are creating new horizons for system-
level development of THz science and technology [45].
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3 Overview of the Book

This book contains detailed descriptions and associated discussions regarding
different generation, detection and signal processing techniques for the electrical and
optical signals within the THz frequency spectrum (0.3–10 THz). It includes detailed
reviews of some recently developed electronic and photonic devices for generating
and detecting THz waves, potential materials for implementing THz passive circuits,
some newly developed systems and methods associated with THz wireless commu-
nication, THz antennas and some cutting-edge techniques associated with the THz
signal and image processing. The book covers a very wide range of readers from
basic science to technological experts as well as students. This book can be consid-
ered as a text book for under graduate, post graduate and doctoral students and also
for scientists.

Chapter-wise organization of the entire book is as follows. The absorption cross-
section of double quantum well triple barrier structure is analytically computed in
Chapter “Investigating Absorption Cross Section and Oscillator Strength for Double
Quantum Well with Pöschl-Teller Potential”, where the authors have used Pöschl-
Teller potential geometry considering the intra-band transition between ground and
first excited states. Chapter “Channel Characterization and CE-OFDM Modulation
for Terahertz System” describes the channel characterization and constant envelope
orthogonal frequency division multiplexing modulation for THz systems. Detailed
descriptions of some state-of-the-art applications of THz antennas are presented in
Chapter “Investigation on Antennas for Terahertz Applications”. Some important
aspects of all optical encryption and decryption circuits are discussed in Chapter
“All-Optical Encryption and Decryption Circuit”. Chapter “Gallium Oxide-Based
IMPATT Sources for THz Applications” describes the potentialities of gallium
oxide as possible base material for high-power THz sources. The concept of optical
exclusive-OR gate based on THz optical asymmetric de-multiplexer and quantum
dot semiconductor optical amplifier is the subject matter of Chapter “All Optical
XOR Gate Using Quantum Dot Semiconductor Optical Amplifier Based Terahertz
Optical Asymmetric Demultiplexer (TOAD)”. Chapter “Generation, Detection and
Analysis of Sub-Terahertz Over the Air (OTA) Test Bed for 6G Mobile Commu-
nication Use Cases” demonstrates the generation, detection and analysis of sub-
terahertz over the air (OTA) test bed for 6G mobile communication system. The
recent advancements in THz imaging and its modern applications are summarized
in Chapter “THz Image Processing and Its Applications”. The static analysis of
single gate tunnel field effect transistors based on indium arsenide channel mate-
rial is presented in Chapter “A DC Analysis of Single Gate TFET Using InAs
as Channel Material”. Emergence of avalanche transit time oscillators as THz
sources is beautifully summarized from its inception to the state-of-the-art in Chapter
“Cutting-Edge Technologies for Terahertz Wave Generation: A Brief History from
the Inception Till the Present State of The Art”. An approximate model for analyzing
newly proposed lateral avalanche transit time source based THz oscillator has been
elaborated in Chapter “AnApproximateModel for Analyzing Four-Terminal Lateral
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Single-Drift IMPATT Based THz Radiators”. Some state-of-the-art simulation tech-
niques for analyzing the THz avalanche transit time oscillators have been described in
Chapter “On SomeModern Simulation Techniques for Studying THzATT Sources”.
Chapter “Studies on Sub-Terahertz Performance ofAvalanche Transit Time Sources”
describes the THz performance of silicon, indium phosphide, gallium arsenide and
silicon carbide based avalanche transit time sources. Studies on some heterojunction
material systems suitable for THz applications are presented in Chapter “Search of
a Suitable Heterojunction Material System for Terahertz Wave Generation”. Appli-
cations of Si ~ 3C-SiC heterostructures in high frequency electronics up to the THz
spectrum are briefly discussed in Chapter “Applications of Si~3C-SiC Heterostruc-
tures in High-Frequency Electronics up to the Terahertz Spectrum”. The detailed
static and dynamic analysis of a proposed novel Indium Arsenide (InAs)/Silicon (Si)
heterojunction based dual gate triple metal p-i-n tunneling graphene nanoribbon field
effect transistor (DG-TM-TGNFET) has been reported in Chapter “Novel InAs/Si
HeterojunctionDual-Gate TripleMetal P-I-NTunnelingGrapheneNanoribbon Field
Effect Transistor (DG-TM-TGNFET) For High-Frequency Applications”. Chapter
“Design and Simulation of Microstrip Antenna for Terahertz Applications” deals
with the design and simulation of microstrip antennas for THz applications. The
recent trends in the applications of THz science and technology in different fields of
biomedication engineering are described in Chapter “Trends in Terahertz Biomedical
Applications”. Finally, the Chapters “The Elastic Constants in Opto-electronicMate-
rials Under Terahertz Frequency” and “Screening Length, Terahertz Frequency and
Opto-electronic Compounds” described the elastic constants and screening lenghths
of some potential electronic material systems at THz spectrum.
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Investigating Absorption Cross Section
and Oscillator Strength for Double
QuantumWell with Pöschl-Teller
Potential

Arpan Deyasi, Suporna Bhowmick, Pampa Debnath, and Angsuman Sarkar

Abstract Absorption cross section of triple barrier double quantumwell structure is
analytically computed with Pöschl-Teller potential geometry considering the intra-
band transition from ground to first excited state. Peak values of absorption cross
section are noted which reflects active area for optical transitions has dimensions in
sub-micron range. Structural parameters are varied to compute the possible variation
of that cross section, taking into account the first order band nonparabolicity. Oscil-
lator strength is also calculated as a function of incident wavelength which indicates
the statistical possibility of transition is higher with increasing wavelength between
those two quantum states. Simulated findings are compared with the data available
for rectangular well which speaks in favor of the Pöschl-Teller geometry owing to
lower energy spreading and higher peak value. Results stand in favor of the present
potential configuration as proposed in the paper, and therefore can be utilized for
design of quantum well-based photonic detector.

Keywords Pöschl-Teller potential · Absorption cross section · Oscillator
strength · Double quantum well · Depth parameter · Width parameter

1 Introduction

Research on nanostructure devices are progressed in last two decades mostly due to
the advantage of low-noise electronic properties [1, 2]. Simultaneously the photonic
properties offered have received high attention due to the immense possibility of
making improved transmitter, receiver and sensors [3–5]. Among different quantum
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well structures, though quantum dot based devices are preferred [6, 7] for appli-
cations, but quantum well structures are comparatively easy to realize experimen-
tally [8], and theoretical workers can easily support the findings through analyt-
ical/numerical investigations [9, 10]. Among various quantum well geometries,
Pöschl-Teller configuration has attracted interest to researchers due to its unique
features of exhibiting Bose-Einstein condensation at 39 K [11]. Also, it already
exhibits higher operating frequency for optical applications. Therefore, it becomes
essential to further investigate the geometry subject to the operation at higher THz
region.

In recent years, novel works are published on optical properties of quantum
well modulators [12]. Semi-parabolic quantum wells are considered for peak value
calculation of absorption coefficient using density matrix approach [13]. In this
specific structure, effects of external conditions are very recently investigated [14] for
computation of non-linear absorption coefficients. One electron core-shell spherical
quantum dots are analyzed [15] for the same purpose. Researchers also demonstrated
the role of material composition [16] on the non-linear coefficients for quantum
ring-type structure.

A few relevant works on investigation of absorption coefficient of quantum well-
based devices are already reported [17, 18], and works are extended for superlattice
structures [19]. However, most of the works are calculated considering rectangular
geometry, which is ideal, and henceforth, loses significance when practical results
are obtained. A few reports are published on Gaussian [20], parabolic [21] wells,
though devoid of tunability property of the shape and size of well. In this context,
Pöschl-Teller configuration carries huge significance as it is the first quantum well
which can be tailored in terms of depth and breadth.

Earlier, absorption cross section of triangular quantum wire is reported [22, 23]
by different workers in correction with various detector applications. Concurrently,
similar works are reported for superlattice structure [24, 25]. It may be noted that
role of band structure becomes critical for this computation [26], as well as the
shape of potential profile [27]. Therefore, for accurate calculation, several important
factors, as well as the band structure, should be included, and there lies success of
this evaluation.

The two concerned properties in this chapter, namely oscillator strength, and
absorption cross section, signify the probability of transition between two states, and
the area required for that action, respectively. Therefore, findings of these two prop-
erties carry significance from application point-of-view, when they are considered
for detector design at nanometric level. Incorporation of realistic band structure, as
well as lineshape function, adds importance to the proposal. Here lies the novelty of
the work.
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2 Motivation of the Proposed Work

For optical detector design, absorption coefficient is the most important parameter.
However, oscillator strength is also equally important as it determines the statis-
tical probability of the transport of carriers between the quantum levels. Hence-
forth, a simultaneous determination of both properties is the subject of interest for
researchers. However, for nanoelectronic devices, area of the device is one of the
prime concerns for optical applications, and henceforth, the cross section for the
absorption becomes significant. Coefficient of absorption is alreadymeasured several
times and reported, whereas cross section and corresponding oscillator strength
become less investigated. Henceforth, these two properties are considered primarily
for the investigation.

Moreover, shape of the potential profile becomes also important as far as device
performance is concerned. Most of the works are based on the ideal rectangular well
profile, which can’t be implemented in practical point-of-view. Henceforth, various
critical geometries and profiles are considered thereafter, like triangular, parabolic,
Gaussian, etc. Latest candidate in this list is the Pöschl-Teller, which has significance
in low temperature applications. Combining with the previous concept on properties
to be investigated, title of the present manuscript becomes critically important at
present-day concept.

3 Mathematical Formulation

Analysis of optical properties begin with the calculation of absorption coefficient
[28], which can be put in a generalized manner as

α(ω) = q2h

εcnrm∗2V
1

�ω

∑
u,v

∣∣〈u|pz|v〉2
∣∣δ(Ev − Eu − �ω)(f uFD − f vFD), (1)

where Fermi–Dirac distributions (f uFD, f vFD) are invoked for quantization properties.

The function
∑

u,v

∣∣〈u|pz|v〉2
∣∣ indicates the overlap function between the consec-

utive states calculated over the momentum variable inside conduction band, Eu

and Ev are corresponding energy functions. Other variables have meanings as per
convention. Introducing lineshape function [28], we get

α(ω) = ρsπq2h

4πεcnrm∗Ww
on,mδ(�Ev,u − �ω), (2)

where Ww is the quantum well length, ρs denotes 2D charge density, On,m is the
oscillator strength between the two consecutive quantum levels.

Oscillator strength is a function of quantized dimension as [28]
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o21 = 4π

m∗hω

[
4h

3πWw

]2

. (3)

After computing oscillator strength, absorption cross section is estimated using
the following equation

σv,u = q2T

2ε0m∗nc
ov,u

[
1 + T 2

(
2π

E − �Ev,u

h

)2
]−1

, (4)

where ‘T’ denotes relaxation time.

4 Results and Discussions

Using Eqs. (3) and (4), oscillator strength and absorption cross section are respec-
tively computed and plotted for Pöschl-Teller potential configuration of the DQWTB
system in presence of externally applied electric field directed along dimensional
confinement. The oscillator strength depends only on the width of the quantum well.
Figure 1 shows the variation of the oscillator strength for Pöschl-Teller quantumwell
configuration. The oscillator strength monotonically increases with wavelength.

But while increasing well width, oscillator strength decreases. Higher well width
reduces the quantum confinement which results in the reduction in eigenenergies.
This, in turn, changes the separation between energy values, hence the oscillator
strength decreases. Using Eq. (4), absorption cross section is computed and plotted
for the structure. Considering band nonparabolicity, the eigenenergies are obtained.
Result is calculated in presence of bias and peak position is determined with respect
to the energy. For validation of the result, the simulated behavior is compared with
that obtained for ideal rectangular well structure.

Fig. 1 Oscillator strength
for Pöschl-Teller potential
for three different well
dimensions
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Figure 2 shows the variation of absorption cross section for different well widths.
Reduction of quantum confinement drastically reduces the profile. Lowering the
quantum well dimension enhances quantum confinement, which, in turn, increases
eigenvalue. Thus the peaks appear at higher energy states. From the equation, it can
be noted absorption cross section is directly proportional to the oscillator strength,
which again inversely proportional to the well width thus it reduces for higher well
width.

Similar type of investigation is carried out for the contact barrier and middle
barrier width, which are represented in Figs. 3 and 4 simultaneously. The increment
in sandwich layerwidth results in significant change in themagnitude of intersubband
transition though the Eigen energy peaks appear in closer distances. The value of
absorption cross section increases with the increase in dimension. In Fig. 3, it is seen
that higher contact barrier width makes higher quantum energy level, which causes

Fig. 2 Absorption cross
section of Pöschl-Teller
potential for three different
well dimensions

Fig. 3 Absorption cross
section of Pöschl-Teller
potential for three different
contact barrier widths
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Fig. 4 Absorption cross
section of Pöschl-Teller
potential for three different
middle barrier widths

change in peak magnitude. According to the eigenenergy states, the peak appears at
different energy values. The peak values are listed in Table 1.

Similar simulation is carried out for the depth parameter and width parameter,
which are represented in Figs. 5 and 6 respectively (also see Table 2). Figure 7 shows
the comparison between the ideal potential well structure and Pöschl-Teller potential
well geometry. It can be noted that the peak value achieved for Pöschl-Teller potential
is significantly high with respect to that achieved in rectangular well.

Table 1 Peak value of absorption cross section for different structural dimensions

Name of
parameter

Dimension [nm] E1 [eV] E2 [eV] �E21 [eV] Peak value of
absorption cross
section (m2) × 10–12

Well width 5 0.04203 0.14 0.09797 0.02485

10 0.04253 0.132 0.08947 0.097

15 0.04453 0.13 0.08547 3.514

Contact barrier
width

3 0.08303 0.174 0.09097 0.040

5 0.07153 0.162 0.09047 0.013

10 0.04253 0.1325 0.08997 0.0538

Middle barrier
width

3 0.04503 0.1295 0.08447 1.07

5 0.04253 0.1325 0.08997 4.676

10 0.03753 0.1375 0.09997 2.976
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Fig. 5 Absorption cross
section of Pöschl-Teller
potential for three different
depth parameters

Fig. 6 Absorption cross
section of Pöschl-Teller
potential for three different
breadth parameters

Table 2 Peak value of absorption cross section for depth and width parameter

Name of parameter Dimension [nm] E1 [eV] E2 [eV] �E21 [eV] Peak value of
absorption cross
section (m2) × 10–12

Width parameter 0.08 0.07053 0.1595 0.08897 0.02969

0.09 0.04253 0.132 0.08947 0.03227

0.1 0.00703 0.0970 0.08999 0.02093

Depth parameter 4.5 0.01005 0.1905 0.18045 0.02588

5.5 0.08203 0.1705 0.08847 0.03227

7.5 0.04253 0.1325 0.08997 0.02753
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Fig. 7 Comparative study of
absorption coefficient
between Pöschl-Teller
potential with rectangular
well

5 Summary

The theoretical analysis showed that Pöschl-Teller potential provides 1.7 times higher
cross section peak than rectangular geometrywhen other designs and external param-
eters are kept same. Also, energy bandwidth for the present configuration exhibits
29% less energy bandwidth. Combining these two features, it can be considered as
a potential candidate for detector design. It may also be noted that tuning of design
parameters (width and depth) does not affect greatly the cross section magnitude
(less than 1% variation), which is really important from operational point-of-view.
Position of the peak and its magnitude significantly depend on structural parame-
ters, as evident from the simulation. Therefore, for specific applications, choice of
design, as well as structural parameters, become essential along with the operating
wavelength to get higher oscillator strength.
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and CE-OFDMModulation
for Terahertz System
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Abstract In wireless communication systems, the transmission channel constitutes
the medium separating the transmitter from the receiver. Due to the growing demand
for wireless systems in terms of data rate, it is necessary to look for new technology to
support this need. Nowadays, The interest of Terahertz (THz) technology is growing
increasingly. Indeed, THz technology indeed has the potential to provide ultra-fast
data rate of Terabit-per-second (Tbps), Reliable Low Latency Communications and
multimedia applications for wireless communication systems. However, the trans-
mission channel at Terahertz bands poses more complexity than the currently used
sub-30 GHz bands. The increase in the carrier frequency led to a high path loss.
In this direction, Constant envelope Orthogonal Frequency Division Multiplexing
(CE-OFMD) modulation is used in this work to increase the quality of transmission
in terms of the Bit Error Rate (BER). Thus, In order to develop the THz system
and effectively exploit the advantages of this technology, it is essential to know the
properties of the radio channel in THz Band than to implement the THz channel in
the transmission chain based on CE-OFDM. To do that, an accurate model for THz
channel have to be expected by taking into account the effect of both the scattering
loss and atmospheric attenuation which are the main characteristics of THz channels.
The proposed model in this chapter is based on the Saleh-Valenzuela (S-V) statistical
model which combines the concepts of “clusters” and AOA (Angle Of Arrival). In
order to validate the proposed model, simulations of frequency channel response
and time domain channel are carried out. It has been demonstrated from simulation
that the performance of the THz system depends on the transmission windows. For
this reason, we used CE-OFDM over these transmission windows to improve the
performance of THz system.
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1 Introduction

The rapid and continuous growth of wireless telecommunications market is creating
an increasing number of needs. Among these needs are the needs to have broadband,
provide a high quality of service, make the most of the available frequency resource,
and design state-of-the-art equipment. In fact, low, medium, and high frequencies
have been used extensively to meet this need and to offer several types of services
[1–3]. As the needs grew, the low frequencies began to be saturated so went to higher
frequency bands like 4G technology that supports few Gbps as data rate is requested
[4]. To more increase the coverage and data rate 5G technology is used [5, 6].

Today, researchers are focused on terahertz technology. Among the techniques
exploited in Terahertz bands are the OFDM (Orthogonal Frequency Division Multi-
plexing) modulation. This modulation technique has demonstrated great potential
that has positioned it among the reliable solutions for future wireless telecommu-
nications networks [7–10]. However, the implementation of the OFDM system in
the THz system requires more strictness at the levels of digital-to-analog converters
(DACs) at the transmitter and the analog -to- digital converters (ADC) receiver level
[11, 12]. The DAC cuts all samples that exceed certain maximum amplitude. Locale
this level is a trade-off between the cutoff probability and the quantization noise level.
However, lower PAPRwill increase SNR and allow low resolution to be used at DAC
levels [13]. So, for high efficiency, the HPA (High Power Amplifier) must work in its
saturation zone, unfortunately, it is in this zone that the most severe non-linearities
occur, which are sources of distortions (intermodulation, spectral rise, etc.) of the
transmitted signals. These effects are important when the signals to be amplified have
highPAPR[14–16]. Theuse ofHPA[13] in its saturation zone causes intermodulation
products, distortions within the band, secondary lobe lifts that generate interferences
between channels, and an increase in the bit error rate (TEB). There are a multitude
of proposals to deal with this problem of non-linearities, a state-of-the-art is given in
[17, 18], each of them reduces the PAPR but proves more or less effective depending
on the type of signals and/or the context of transmission of information. A potential
solution for reducing PAPR in OFDM systems is to use the constant envelope OFDM
system (CE-OFDM) [19]. In addition, using continuous phase modulation in the CE-
OFDM system, the PAPR can be reduced to 0 dB [20]. Although CPM modulation
has a minimal spectral efficiency compared to non-constant envelope modulations, it
functions with a little complexity, so the performance of this modulation is favorable
thanks to a minimal PAPR and its robustness against the amplitude variation and
thermal noise which is the noise most presence in wireless channels.

This chapter is devoted to a general presentation of multi-carrier transmission
techniques such as CE-OFDM modulation. So, this chapter will be devoted to the
application of the CE-OFDM modulation on a Terahertz Channel. Indeed, we will
implement the simulation results of the transfer functions in the communication chain
based on the CE-OFDM modulation, to see the effect of the different parameters of
the CE-OFDM modulation on the performance of the communication chain. The
comparison in terms of TEB of the modulation OFDM and CE-OFDM on a real
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Terahertz channel will be given. Therefore, the main objective of this thesis is the
reduction of transmission errors under the data rate constraint and the robustness of
multi-carrier THz systems, so that they can be used effectively in home networks.

This document is divided into 3 main parts, giving a logical and chronological
overview of the work carried out during this chapter. The first part is devoted to the
study of the THz channel. The goal is both to understand the THz technology, as
well as to define the organization of data exchanges on the network. A very large
throughput imposes a large bandwidth and if this bandwidth “covers” part of the
spectrum with dips (due to multiple paths), there is a total loss of information for
the corresponding frequency. The channel is then called “selective” in frequency.
To overcome the problem of frequency selectivity of the channel, it is chosen to
use the modulation CE-OFDM. It is a modulation process that allows digital data to
be transmitted in a multi-path channel while ensuring a good compromise between
performance and spectral occupancy. This technique will be dealt with in part two.
In the third and last part, we will implement the CE-OFDM technique in the THz
context. Roughly speaking, this chapter will first define the phenomena important
for the analysis of a propagation channel and its statistical modeling. We will then
study the implementation of transmission techniques on this kind of Channel.

2 Propagation Channel

The environment in which a communication system emits represents its propagation
channel. We present in this part the problems generally encountered in wireless
channels, some channel models, and finally the proposed module for THz bands.

2.1 Propagation Phenomena

During wireless transmission, the transmitted waves or signals are usually affected
by three types of physical phenomena: reflection, diffraction, and diffusion.

• Reflection occurs when the transmitted signal encounters large obstacles
compared to its wavelength. It could be a building, land, or many other obsta-
cles. In this case, the signal is returned to the source instead of continuing its
propagation to the receiver.

• Diffraction occurs when the signal is obstructed by an irregular, sharp surface or
with a small aperture. The signal is thus broadcast by crossing an obstacle. Gener-
ally, the waves from this diffraction are used to establish further paths between
the transmitter and the receiver in case of direct non-visibility.

• Diffusion is a physical phenomenon that forces the radiation of an electromagnetic
wave to deviate from the direct path by one ormore local obstacles having reduced
dimensions compared to the wavelength of the transmitted signal. These barriers
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are called broadcasters. As examples, we can cite foliage, traffic signs, and street
lamps.

The propagation of a radio signalmeets these different phenomenawhose intensity
varies according to the environment. All of these phenomena make the prediction
of behavior very complex. One of the unique features in a wireless channel is the
“fading”. It is the change in the amplitude and phase of the signal with time and
frequency. Unlike additive noise that is regularly responsible for signal degradation,
fading is non-additive. It can be caused by multi-path fading or shadowing obstacles.

2.2 Large-Scale Fading

It is produced by the loss of signal propagation depending on the distance and shading
of objects such as buildings, vegetation.

2.2.1 Propagation Losses

The losses of propagation at THz frequency are much more severe than that recorded
in the low frequencies [21]. To this are added other losses related to oxygen absorption
and rain. As an example: absorption due to oxygen reaches its peak at 60 GHz with
15 dB per km and only 10 dB per km for the 8 GHz width band centered around
60 GHz. With such spread losses and huge absorption, providing a wireless gigabit
link with a good link budget is a real challenge at this frequency, this makes it a better
candidate for indoor applications more than the external one.

2.2.2 Shadowing

Because of the variation in the medium, the power received is different from the
average for a given distance, which affects the overall propagation losses. Several
results of measurements made around 60 GHz showed that shading follows a normal
log distribution. Let us remember from this part that medium propagation losses and
shading are considered Fading on a large scale.

2.3 Small-Scale Fading

Small-scale fading is about the rapid change in the transmitted symbol. The rapid
variation is due to constructive and destructive interference of multi-paths when the
mobile is moving a short distance. Small-scale fading consists of two independent
mechanisms. The time spread of the signal and the time variation of the behavior
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of the propagation channel. The temporal variation of the channel causes a Doppler
shift. To measure it, we look at the spectral enlargement of the signal caused by the
relative movement of the receiver with respect to the transmitter. Doppler shift is
a function of the speed of the receiver. It has an impact on the description of the
channel, in fact, thanks to it we can tell whether the channel is slow Fading, or fast
fading.

2.4 Channel Models

Channel characteristics are important parameters to consider when conducting a
performance study. Among the most relevant we will note the losses of spread,
and fainting in the long or short term. Throughout this chapter, we consider the
configuration of a single input and a single output (SISO). Two types of channel
models can be listed:

• Channel models for indoor
• Channel models for outdoor.

In this chapter, we are interested only in the internal model of transmission
channel.

2.4.1 Internal Channel Model

These are cases where the green neck surface is small. As an example, we can talk
about offices, kiosk, mines, and many more the list is not exhaustive. Due to the
fact that the environment is usually closed by walls or walls, the power tends to be
uniform. Signal components in all directions are received with the same power. In
an internal environment, the channel is usually static or varies very little due to the
low mobility of the terminals inside the building. Typically, a static channel refers
to an environment in which conditions do not change during data transmission at
a given time and place. This definition is the opposite of that of a time-varying
environment in which people or objects around the transmitter move all the time
even if the environment itself is at rest. Another case exists, that almost stationary
is when the degree of temporal variation of the environment is small relative to the
length of the transmitted symbol. In the majority of the literature, internal channels
are taken under stationary or quasi-stationary assumptions. We consider these same
assumptions throughout our paper.



24 M. EL Ghzaoui and J. Mestoui

3 Proposed Model for the THz Channel

Several empirical models of the THz channel transfer function have been defined
in the literature. In [22, 23], THz channel model is given. Some measurements
of the channel transfer function are obtained by using a vector network analyzer
(VNA) [24]. In [25], a channel response of THz channel were examined. The impulse
response of THz channel on the full terahertz band (0.1–10.0THz) is analyzed in [26].
In [27] the Influence of antenna misalignment under LOS conditions was studied.

3.1 NLOS Configuration

In the THz system, signal propagation depends not only on the direct path between
the transmitter and receiver but also on the additional paths. This multi-trip scenario
is clearly illustrated in Fig. 1 for the case of a multi-path channel.

The channel consists of three segments (1), (2), and (3) with respective lengths l1,
l2, and l3. For reasons of simplification of the model, it will be assumed that points
A and C are adapted to the transmission channel, which means will have no loss at
these two points.

Because of numerous reflections, the number of paths loss tends to Infinity ((A →
B → C, A → B → D → B → C, … etc.). The assignment of all coefficients of
reflections and transmissions can be performed for each path di in the form of weight
factor gi. The value of the parameter gi is always less than or equal to a given that it is
the result of a product combination of the coefficients of reflections and transmissions
of the paths. When several transmissions and reflections occur along the channel,
then the weight factor will be small. In addition, if long journeys are considered, then
the contribution of the signal propagating on these paths will be minimal compared
to the overall propagation of the signal given the significant attenuation on these
paths.

Fig. 1 Multi-path
propagation model
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The delay τ i of the path can be calculated from the dielectric constant εr of the
insulating materials, the celerity c (or phase velocity vp) and the lengths li of the
bonds forming the path di, as follows:

τi = di
√∈r

c
= di

νp
(1)

Losses due to distance produces attenuations A (f , di) which increases with
frequency and length di. The signal therefore encompasses all existing components
on the route. Thus the channel transfer function can be written in the following form:

H( f )/NLOS =
N∑

i=1

gi A( f, di )e
2 jπτi (2)

For the study of the propagation signal in a complicated networks, is carried out
a partitioning of the form schematized in Fig. 1.

3.2 LOS Configuration

The signal attenuation on the THz environment contains two parts: multi-path
losses and transmission channel length losses. To mathematically formulate the
LOS component of the channel, we begin with the molecular absorption coefficient
γ ( f, Tk, p) which depend on the primary parameters f, Tk, p. Thus, the frequency
response H(F) in the case of LOS configuration is expressed as follows:

H( f, d)/LOS = c

4π f d
exp

(
−1

2
γ ( f, Tk, p)d

)
exp(− j2π f τ) (3)

where d is the distance that separates the transmitter from receiver.
The transfer function of the THz channel H(f) when taking both LOS and NLOS

configurations can be modeled as a function of the frequency by:

H( f, d) = H( f, d)/LOS + H( f, d)/NLOS (4)

H( f, d) = c

4π f d
exp

(
−1

2
γ ( f, Tk, p)d

)
exp(− j2π f τ) +

N∑

i=1

gi A( f, di )e
2 jπτi

(5)

where γ ( f, Tk, p) is the molecular absorption coefficient and e−2 jπ f di
υp represent the

retard of the channel.
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Table 1 Transfer Function
model parameters

Parameters Signification

I Number of paths (the short-term path is that of
index i = 1)

a0, a1 Attenuation parameters

K Exponent of the attenuation factor (0.2 ≤ k ≤ 1)

gi Weighing factor

di Path length i

τ i Path delay i

Γ Molecular absorption coefficient

Equation (5) represents the proposed model that describes the complex transfer
function of a THz channel. Using this model, and in a frequency range of 300 GHz to
1 THz, the majority of the effects characterizing transmission on this type of line can
bemodeled by aminimum number of parameters. The following Table 1 summarizes
the different parameters of the model.

Finally, the impulse response of the channel h(τ ) is obtained from the transfer
function H(f ) by Inverse Fourier transform:

h(τ ) = +∞∫
−∞

H( f )e2π j f τd f (6)

3.3 Noise Encountered for THz-Based Transmissions

In addition to the distortions caused by the channel responses on the form of the
signals propagated on the wireless channels, it is also necessary to consider as a
disruptive element the part of noise, taken in the broad sense of the term, which is
added to the useful energy transmitted. Unlike most communication channels, the
noise present at the input of a THz receiver is not reduced to the only contribution
of thermal noise, also called AWGN (Additive White Gaussian Noise).

3.3.1 Colorful Background Noise

This type of noise is caused by the addition of many sources of noise. Its spectral
energy density varies with frequency and also with variations in time. This type of
noise results from the superposition of a wide variety of low-intensity noise sources
present in the THz environment. Its power level varies on the scale of minutes or
even hours. As opposed to white noise which has a uniform power spectral density,
the background noise encountered here is a colored noise which displays a clear
frequency dependence mainly in the very low part of the spectrum.
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3.3.2 Noise from Other Application Uses Neighboring Frequencies

This type of noise often appears in the form of an amplitude-modulated sinusoidal
signal and occupies the sub-bands corresponding to large and medium-wave scat-
tering: generally is an amplitude-modulated sine signal caused by the input of
broadcast stations. it changes slowly with time.

4 Transmission Chain for Wireless Systems

During a transmission based on THz bands, the reflections will result in multiple
paths. Since there are many possible paths connecting the transmitter to the receiver,
interference phenomena will occur, the propagation channel will be characterized
by the transfer function H. If H(f ) has, in the useful band, significant fluctuations
in amplitude and/or phase will result in a deformation of the signal that it will be
necessary to correct, which introduces the notion of Equalization of the channel.
To be able to transmit information, the carrier frequency is obviously modulated,
and let’s calls Bu the useful or necessary bandwidth. If the Bu signal useful band is
much smaller than the consistency band, the transfer function is practically frequency
independent (flat channel), otherwise, the channel will be frequency-selective and
Inter-symbol interference will occur in the time domain.

4.1 Baseband Signal

Let x(t) be the signal emitted around a carrier frequency f_c in general, whatever the
modulation chosen, the signal can be put in the form: x(t) = A(t) cos(2π fct + ϕ).

Figure 2 shows the different steps of formatting the information at the time of
transmission and then the processing required at reception to estimate the transmitted
data with a minimum probability of error.

4.2 Description of the Transmission Channel

4.2.1 Source Coding

Source coding allows you to limit the number of binary elements necessary to repre-
sent the information contained in the source message. It is a compression operation
that appeals to the theory of information, i.e., it compresses the transmitted data and
eliminates unnecessary redundancies in the message in order to decrease the rate,
said “useful” information to be transmitted.
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Fig. 2 Communication chain for wireless system

4.2.2 Channel Coding

Ona frequency-selective channel, information carried by subcarriers affected by deep
fainting is lost to the receiver. In order to prevent the binary error rate from being too
high, the use of error correcting codes is indispensable. The error correction code,
introduced at the transmission before the modulator, makes it possible to detect and
correct errors that occur during transmission through redundancy of information.
The problem of choosing codes depends, among other things, on the nature of the
errors introduced by the transmission channel and in particular on their probability
of occurrence. Thus, two categories of errors are distinguished, grouped errors and
random errors. To correct these errors there are two types of coding, block coding,
and convolutional coding. Finally, in memory channels that generate packet errors,
interleaving, and de-interleaving techniques are associated with encoding functions.
Thus, in reception, de-interlacing makes it possible to obtain an error statistic more
favorable to the decoding process.

4.2.3 Symbol Binary Coding

Binary symbol encoding is the step that generates a discrete signal from the digital
data. Each CK element of this signal is called a symbol, can be real or complex, and
is associated with one or more bits from the information source. We then define a
second flow rate on the channel, the symbol flow, which is the number of symbols
transmitted per unit of time. It is measured in Baud and is equal to the bit rate divided
by the number of bits represented by each symbol.
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4.2.4 Baseband Modulation

In digital communications, therefore, after channel coding, a baseband modulation
is introduced which is akin to a transformation of binary symbols into complex
symbols. Since the allocated transmission bands are low with respect to throughput,
multi-state modulations (M-arg.) were developed, associating to each group of M
binary symbols of duration tb a complex symbol of duration Ts = Tb log 2(M), the
choice of M depends on the spectral efficiency η = D/Bp (bits/s/Hz). The choice
of this spectral efficiency must be as important as possible in order to transmit
a maximum throughput in a minimum bandwidth. The other criteria (there is the
susceptibility to noise, which must be low which implies a distance between the
generated symbols as large as possible and the instantaneous powers transmitted by
the symbols). In general, forM-state modulation, n bits per symbol will be associated
with n = log 2(M).

If we represent the position of the bits or symbols in the complex plane translating
the possible values of the signal, we obtain the constellation, corresponding. To
associate a set of bits with a symbol, Gray’s encoding is often used. This is because
it offers the advantage of distributing the symbols in the complex plane in such a
way that two adjacent symbols differ only by one bit. Return to this point later.

4.2.5 Filtering

The shaping filter and a low-pass filter whose role is to eliminate secondary lobes
of the transmitted spectrum in order to meet the spectral template imposed by the
standards. Since the symbols are complex, two digital-to-analog converters will be
used to make the signal compatible with the next analog part.

4.2.6 RF Module

The spectrum of the baseband signal is transposed to that of the channels autho-
rized for the intended application. Note that sometimes the transposition is not
performed directly around the carrier frequency but in stages, using transpositions
around intermediate frequency.

4.3 Brief Presentation of the Receiving Chain

The RF module includes the bandpass filter and the low noise amplifier. The signal
is then transposed into a baseband, sometimes in several steps, using a complex
demodulator that restores the phase and quadrature components of the signal.

The adapted filter present at the output of this demodulator is adapted to the
waveformof the transmitted signal.At the sampling time corresponding to the symbol
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period, this low-pass filter maximizes the power of the received signal relative to the
power of the noise, ideally, cancels the interference between symbols related to low-
pass filtering. This filter is identical to the formatting filter used at the broadcast.
At this level of the chain, we also find the carrier recovery module based on the
principle of the Phase-Locked Loop enslaved on a local oscillator. The analog-to-
digital converter samples the signal at the filter output suitable for the symbol period.

As we have reported signal will suffer from powerless deformations during its
propagation if its bandwidth is greater than the consistency band of the channel,
which corresponds to the case of a frequency-selective channel. It is then necessary
to introduce an equalizer in the receiving chain, which is a filter adapted to the
channel thus allowing to compensate for variations in the transfer function of the
channel or, in the time domain, to reduce the interference between symbols. In this
module two parts have distinguished the estimation of the channel and the equalizer
of the receiver, to extract the complex impulse response of the channel from which
the coefficients of the equalizer will be deduced. At the output of the equalizer, the
estimated symbols are decoded, which also allows to retrieve the necessary symbol
clock during the sampling steps.

Finally, the channel and source decoding modules perform the inverse operations
of those applied to the transmitted bits.

5 Constant Envelope OFDM

5.1 Description of the CE-OFDM Signal

The OFDM signal can be expressed by:

m(t) =
∑

i

N∑

k=1

Ii,kqk(t) (7)

with Ii,k corresponds to the symbol associated with a point of the constellation
m-QAM or PSK and qk(t) are the orthogonal subcarriers. The OFDM signal is
transposed around the carrier frequency fc.

y(t) = �{
m(t)e j2π fc t

} = Am cos[2π fct + φm(t)] (8)

With fc is the carrier frequency and Am = |m(t)| and φm(t) = arg[m(t). For the
real values of m(t) we have φm(t) = 0 and y(t) are simplified to a signal amplitude
modulation. Thismean, the datamust bemodulated as amplitudemodulation (PAM).
The signal of the CE-OFDM modulation can be writing by:

s(t) = Ae jαm(t) (9)
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Fig. 3 Modification of OFDM modulation to obtain CE-OFDM modulation

With α is a constant. The transpose signal for actual values of m(t) is given by:

y(t) = cos[2π fct + αm(t)] (10)

So y(t) is phase modulation.
The CE-OFDM signal is performed by a transformation of the OFDM signal. The

OFDM signal is passed through a phase modulator to obtain a constant envelope
modulation with PAPR = 0 dB.

Figure 3 illustrates how we can obtain a CE-OFDM signal from a OFDM signal.
Thismethodwill transform theOFDMsignalwith a highPAPR to a constant envelope
signal with PAPR = 0 dB. 0 dB will allow the signal to be amplified with the HPA
without producing transmission errors.

As has been proved before, the CE-OFDM modulation [28] requires that the
OFDM signal must be real which mean φm(t) = 0. So, the subcarriers qk(t) used in
CE-OFDM must be real values. There are three possibilities to expresses the value
of subcarriers qk(t).

In The first possibility, we express the wave as cosines function.
So for k = 1, 2,...,N, we have:

qk(t) =
{
cos πkt

Ts
0 ≤ t ≤ Ts

0 ailleurs
(11)

For the second possibility, sine function will be used.
So for k = 1, 2,...,N, we have:

qk(t) =
{
sin πkt

Ts
0 ≤ t ≤ Ts

0 ailleurs
(12)

The third possibility is that the wave will be represented by both cosine and sine
waveforms. In this case the expression of qk(t) is given by the following relation:

qk(t) =

⎧
⎪⎨

⎪⎩

cos πkt
Ts

0 ≤ t ≤ Ts k < N

sin πkt
Ts

0 ≤ t ≤ Ts k > N/2

0 ailleurs

(13)

The implementation of the above equations can be implemented by known algo-
rithms. Equation (11) can be implemented by a DCT (Discrete Cosine Transform),
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Eq. (12) can be implemented using the DST (Discrete Sine Transform), and Eq. (13)
can be implemented by attacking the DfT (Discrete Fourier Transform).

For each case in the above possibility, the orthogonality conditionmust be verified:

(i+1)TB∫
iTB

qk1(t − iTB)qk2(t − iTB)dt =
{
Eq k1 = k2
0 k1 	= k2

(14)

where

Eq = TB

2

So, the baseband signal of the CE-OFDM is expressed as:

s(t) = Ae jφ(t) (15)

where A is the amplitude of CE-OFDM baseband signal.
The phase of the signal during the ith block in the time interval it_ iTB ≤ t <

(i + 1)TB is given by the following expression:

φ(t) = θi + 2πhcN

N∑

k=1

Ii,kqk(t − iTB) (16)

The term phase memory is used in conjunction with the unwrapper phase in
the receiver to ensure phase continuity and consequently good spectral efficiency
[29]. The parameter h is the modulation index, N is the number of subcarriers,Ii,k
represents the symbols from the constellation PAM, TB is the duration of the ith
block and qk(t) represents the subcarriers, the normalization constant cN , is given

by cN =
√

2
Nσ 2

I
with σI is the variance,

σ 2
I = E

{∣∣Ii,k
∣∣2

}
= 1

M

M∑

l=1

(2l − 1 − M)2 (17)

σ 2
I = M2 − 1

3
(18)

and the variance of the phase of the signal that is shown in [13] is given by σ 2
φ =

(2πh)2 which is always according to the modulation index.
The signal energy Es and bite energy Eb, are given by the following relationships:

Es = A2TB (19)
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Eb = Es

N log2(M)
(20)

To guarantee the continuity of the phase the memory term must be expressed by:

θi = K
∞∑

l=0

N∑

k=1

[Ii−l,k Ab(k) − Ii−1−l,k Ae(k) (21)

where K = 2πhcN , Ab(k) = qk(0), Ae(k) = qk(TB − ε),ε → 0.
The benefit of continuous phase CE-OFDM modulation (CE-OFDM-CPM) is

that the CE-OFDM-CPM signal has good spectral properties [100].

5.2 Spectral Efficiency

The bandwidth of the OFDM signalW is defined as double the largest frequency of
subcarriers, so the bandwidth of m(t) is given by:

W = 2
N

2TB
= N

TB
(22)

The bandwidth of the CE-OFDM signal depends on the modulation index, the
effective bandwidth for the signal s(t) can be greater thanW. The RMS (Root-mean-
Square) bandwidth is obtained from the results of analog phase modulation which is
detailed in references [30, 31],

Brms = σ∅W = 2πhW (23)

As was set in (23), the RMS bandwidth can be less thanW. the desired bandwidth
for the signal s(t) is therefore:

Bs = max(2πh, 1)W (24)

The power spectral density of the CE-OFDM signal can be estimated easily by
Welch method for average periodogram. Figure 4 gives the spectral density of the
CE-OFDM signal for different values of the modulation index.

From Fig. 4 it can be seen that the modulation index controls the spectral occu-
pancy of the CE-OFDM modulation. But it should be noted that for small values of
h the system performance is poor in terms of transmission errors. This is why the
system designer must study spectral occupancy since the modulation index controls
the performance of the system. From Fig. 4 it is noted that the spectral density of CE-
OFDM is constant in the range where f/W < 0.8. To calculate the spectral efficiency
of the CE-OFDM signal, the rate of the CE-OFDMmodulation must be defined. For
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Fig. 4 Power spectral density of CE-OFDM-CPM. N = 512

an uncoded CE-OFDM modulation, it is defined by:

R = N log2(M)

TB
(25)

Using the relation (24) as the effective bandwidth of the CE-OFDM signal, the
spectral effectiveness of this signal is represented by:

η = R

Bs
= log2(M)

max(2πh, 1)

b

s
· H (26)

5.3 Frequency Domain Equalization FDE

Figure 5 gives a block diagram of FDM equalization. The distortions caused by the
transmission channel are rectified with equalization [28] (Figs. 6 and 7).

5.4 Multi-path Diversity of the CE-OFDM System

To comprehend why CE-OFDM enhances the performance on multi-path channels
(compared to single-path channels) when OFDM does not, it is best to reason in
the frequency domain. The frequency domain is frequency diversity. In fact, OFDM
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transforms a frequency-selective channel into a flat channel by dividing the channel
into the sub-channels such that the passband of the signal will be less than the
channel’s consistent band (sub-channels bandwidth). The CE-OFDM signal with
θi = 0, can be expressed in the form:

s(t) = Ae jσφm(t) (27)

s(t) = A
∞∑

n=0

[(
jσφ

)n

n!

]
mn(t) (28)

where

m(t) = cN
∑

i

N∑

k=1

Ii,kqk(t − iTB) (29)



36 M. EL Ghzaoui and J. Mestoui

m(t) is the normalized signal.

s(t) ≈ A

[
1 + jσφm(t) − σ 2

φ

2
m2(t) − j

σ 3
φ

6
m3(t) + · · ·

]
(30)

The term in maximum order causes the scattering of the data symbol in the
frequency domain [29].

The phase modulator mixes and diffuses symbols in the frequency domain
nonlinear and excessively, which gives the CE-OFDM system the potential to exploit
frequency diversity in the channel.

s(t) ≈ 1 + jσφm(t) (31)

The CE-OFDM signal does not have the propagation of the data symbols in the
frequency domain obtained the maximum order term. So it can be said that CE-
OFDM exploits the frequency diversity when the modulation index is large and does
not exploit it when the modulation index is small.

6 Simulation Results

In this section, we studied the performance of the CE-OFDM-CPMmodulation on a
THz channel. The main problem of transmission over the THz bands is the frequency
selectivity of the channel as well as LOS components. The developed model in this
chapter will be used to analyze the performance of the CE-OFDM modulation.

6.1 Simulation of the Proposed Channel Model

Figure 8 shows a simulation of the model proposed in the band [300 GHz-1 THz],
this simulation is carried out usingMATLAB software. It is observed that the transfer
function has a decreasing power with frequency, and the impulse response (B) corre-
sponds to a set ofmultiple paths. For frequencies above 600GHz, attenuations tend to
increase.But in the casewhere the frequencies are less than500GHz the attenuation is
practically the same. Thus, the transfer function for the frequencies 740 and 860GHz
undergoes consequent fainting up to −68 dB and 70 dB respectively. Therefore, the
change in frequency leads to strong disturbances in the transfer function. Very signif-
icant fainting occurs at certain frequencies. Their location depends on the frequency.
The analysis of these results leads to a band classification, according to their influ-
ence on the signal transmitted in the frequency range of the THz channel. Bands such
as (720–805 GHz, 855–875 GHz, and 900–942 GHz) cause severe attenuations of
the transmitted signal.
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Fig. 8 Simulation of the
proposed model, transfer
function (-a-), impulse
response (-b-)

a

b

In Fig. 9 we depicted the Total Path Loss of the proposed channel. It can be
observed that there are some bands where the path loss is higher. So, it is recom-
mended to avoid these bands when implementing a THz system. The presented
answers will be used in the simulations carried out later, as representative samples of
the behavior of the THz channel. Given the lack of a clear relationship regarding the
linear attenuation of the wireless channel, these responses will often be normalized
in order to obtain parametric results according to the signal to noise ratio (SNR) of
reception.

6.2 CE-OFDM Performance on the THz Channel

The CE-OFDM-CPM technique can be seen as a mapping of the OFDM signal in the
unit circle to get a PAPR of 0 dB. The OFDM signal is transformed by continuous
phase modulation into a low PAPR signal, before transmitting it into the HPA. At
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Fig. 9 Total path loss

reception, an inverse operation is performed by phase demodulation and then an
OFDM demodulation is performed as shown in Fig. 10. PM at reception is a real-
world operation of the CE-OFDM-CPM receiver and that is why it is interesting to
use the CE-OFDM-CPM modulation in practice.

CE-OFDM-CPM demodulation at reception essentially consists of Phase demod-
ulation in the discrete domain followed byOFDMdemodulation. The received signal
is first passed into a finite impulse response filter.

The CE-OFDM modulation is like the conventional OFDM modulation, with a
period TB of the CE-OFDM block, which must be greater than the maximum delay
of the impulse response of the channel. A duration guard interval Tg ≥ τmax is
inserted between blocks of CE-OFDM to eliminate interference between symbols
(ISI). At the receiver, the received signal r(t) is sampled at the frequency fsa = 1

Tsa
,

the guard interval is removed and the CE-OFDM symbols without processing in the
time domain. The expression of the signal received at discrete time can be modeled
as follows:

OFDM 
Modulator 

Continues phase 
modulation  

THz channel +  Noise Equalizers 
MMSE/ZF 

Modulation de phase en temps discret

Demodulator 

OFDM  
Filter 
FIR 

Arg(.) Phase 
unwrap. 

Fig. 10 Block diagram of the CE-OFDM-CPM system
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Fig. 11 OFDM versus
CE-OFDM over THz
channel

rp[i] = r [i] =
Nc−1∑

l=0

h[l]s[i − l] + n[i], i = 0, . . . . . . . . . . . . . . . , NB − 1 (32)

With s[i] the CE-OFDM signal, h[l] is the channel response of the THz channel
and n[i] is the impulse noise that is most present in the THz channel. This noise
is produced by devices that are connected to the network. It should be noted that
the deleted samples are {r [i]}−1

i=−Ng
. The transmission of the cyclic prefix causes the

convolution of the signal with the propagation channel to be equivalent to a circular
convolution. Thus,

rp[i] = 1

NDFT

NDFT−1∑

k=0

H [k]S[k]e j 2πk
NDFT , i = 0 . . . . . . . . . , NB − 1 (33)

Figure 11 presented a comparison between OFDM and CE-OFDM. We can note
from this figure that when the SNR increases the BER tends to decrease. Moreover,
CE-OFDMoutperforms conventionalOFDM.As here, we are interested in analyzing
the performance of THz systemat a short distance the SNRmust be feeble as possible.
That is why we are interested in the band of 0–8db for SNR values.

6.3 Frequency Equalization

Inter-symbol interference is one of the major obstacles to obtaining reliable digital
communications when the transmission channel is frequency selective. Frequency
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selectivity produces Inter-symbol interference, which causes high BER. To compen-
sate for this loss of information, a frequency equalization is introduced at the recep-
tion. It should be noted that equalization is simplified thanks to the insertion of the
cyclic prefix for transmissions based on conventional OFDM. But for transmission
based onCE-OFDMequalizers are introduced in the frequency domain (FDE). These
equalizers are frequently used, because of their simplicity and good performance.
For our transmission chain which is based on the CE-OFDMmodulation, the channel
effect is simplified by an IDFT, then a multiplication vector, and DFT. Linear equal-
ization techniques such as Zero Forcing (ZF), whichminimizes interference between
symbols, andMMSEwhichminimizes themean square error between the transmitted
signal and its estimation, can be used. The output of the FDE is given by:

x̂[i] = 1

NDFT

NDFT−1∑

k=0

Rp[k]C[k]e j 2πk
NDFT , i = 0 . . . . . . . . . , NB − 1 (34)

where Rp[k] is the DFT of r [i] and C[k] is the correction terme, which is given by:
For ZF (zero forcing),

C[k] = 1

H [k]
k = 0, 1 . . . . . . . . . . . . . . . .., NDFT − 1 (35)

And for the MMSE equalization (minimum mean-squared error) the correction
term {c[k]} is defined by:

C[k] = H∗[k]

|H [k]|2 +
(

Eb
N0

)−1 k = 0, 1 . . . . . . . . . . . . . . . .., NDFT − 1 (36)

A comparison between ZF and MMSE equalizer in CE-OFDM over THz is given
in Fig. 12. It can be noted that the performance of the two equalizers is slightly the
same. Bit for SNRmore than 5 dBMMSE equalizer performs better than the ZF one
(Fig. 12).

7 Summary

In this chapter, we have presented a new form of OFDM modulation namely the
CE-OFDM modulation which is a constant envelope modulation (PAPR = 0 dB).
We before studied this modulation in the context of THz. From the results of the
simulations, we found that the CE-OFDM modulation is more efficient than the
conventional OFDM modulation.
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Fig. 12 Performance
comparison between ZF and
MMSE equalizer in
CE-OFDM modulation
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Investigation on Antennas for Terahertz
Applications

Bilal Aghoutane, Mohammed EL Ghzaoui, and Hanan El Faylali

Abstract Terahertz (THz) antennas are achievements benefit in many applications.
The interest of THz technology has been growing steadily since the creation of Tera-
hertz Interest Group in 2008. By its unique characteristics, THz technology indeed
has the potential to provide very high-data rate for wireless communication system.
However, the atmospheric absorption presents in THz communication system cause
high path losses. Using high gain antennas can compensate the increased path loss.
Indeed, antennas are the most essential part of any wireless communication system.
Thus, antenna designs for THz bands create new challenges for the researchers. In
fact, the design of very high gain, directive and wideband THz antenna is very chal-
lenging and promising tasks. In this chapter, we present some advantages of antennas
for THz radio communication system. Firstly, we expose the fundamental principles
of the theory of antennas aswell that the general characteristics of the antenna systems
realized with a certain number of radiators. We will analyze antenna’s systems by
studying their characteristics. Steps for designing an antenna will be given. All this
information may guide the user in choosing the configuration that will best respond
his needs. A single-element antenna with new geometry is proposed in this contri-
bution. The proposed microsrip slot antenna with defected ground having a circle
shaped fractal and comprise a microstrip with corporate feed network operating at
5 THz which is considered as Terahertz band. The proposed antenna has the highest
bandwidth of about 12.2 THz (3.6–15.8 THz) with a gain of 5.6 dBi. The designing
and simulation are performed using High-Frequency Structure Simulator (HFSS).
The simulation output shows a high bandwidth, enhanced gain andminimumVSWR
(Voltage Standing Wave Ratio) value at THz band, which would be an excellent
candidate for THz wireless communication.
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1 Introduction

Communication brings together all the techniques for transmitting data. At a time
when speed of execution is coveted, scientists and engineers are trying to develop
and make systems capable of operating at increasingly high speeds. With the current
development of communication and broadband, many parts of the electromagnetic
spectrum are saturated. In this sense, the terahertz domain (THz), because of its
high frequencies and rarely attributed, arouses a certain interest. However, the main
difficulty associated with its use lies in the lack of compact, powerful and inexpen-
sive sources and detectors. Over time, scientists and engineers have exploited the
frequency bands of the electromagnetic spectrum. Starting with the visible spec-
trum, they gradually developed sources and detectors operating at lower or higher
frequencies. However, the frequency band between 0.1 and 30 THz that is to say
between 0.01 and 3 mm in wavelength, called terahertz (THz) has been little used.
This frequency band is shown in Fig. 1. The THz band is located betweenmicrowaves
and infrared, and marks the boundary between two physical domains: electronics for
microwaves on one side, infrared optics on the other.

It is only in the last twenty years that this area has been exploited [1]. One reason
is the lack of compact sources and detectors, which are powerful enough and inex-
pensive at the same time. THz radiation offers great scientific interests, especially
because of its physical properties. In addition, it is useful inmany areas of application
including imaging and spectroscopy [2], biology and medicine [3], security [4, 5]
and communication [6–8].

• Terahertz Communication and Advantages

Demand for short-range wireless communication has doubled every 18 months over
the past 30 years [9]. In the years 1984, the speed of a wireless network was around 1
kbps, itwas 100Mbps in 2009, and it is estimated that itwill be between5 and10Gbps

Fig. 1 Detail of the fields of the electromagnetic spectrum. THz is located between microwaves
and infrared
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by ten years. In order to reach this 10 Gbps rate, the carrier frequency must be greater
than 0.100 THz. For the past ten years, several research and industrial institutes have
been studying the THz domain, ranging from 0.1 to 20 THz, in order to be able to use
it in higher-speed communication [10]. Wireless communication systems currently
marketed operating with a carrier frequency of between 2.4 GHz (standard Wi-
Fi standard IEEE 802.11a from 1999) and 5 GHz (standard Wi-Fi standard IEEE
802.11bgn from 2009) approximately. Several THz communications projects have
been submitted with transmitters and receivers that operate at 60 GHz [11–13]. A
2007Koch [14] article suggests that THz communication systemswill replace current
Wi-Fi systems in the years 2017–2023 [15]. The THz communication system, with
speeds Gbps or more, will allow a wide variety of broadband applications [16] such
as the extension of the wireless network with broadband, high-definition television
[17], cell phone [18], etc.

Terahertz frequencies are currently untapped and unallocated above 275 GHz.
Thus, the frequency band between 275 and 1 THz is available for the development of
very high-speed communications. The attenuation in the atmosphere is related to the
frequencyof the propagatedwaves [19] andpeaks of resonances of chemical elements
constituting it. The rotation of water molecules is responsible for many absorption
peaks in the terahertz range; however, some frequency bands are usable and listed in
Table 1. Frequency above 1 THz is not listed due to the many absorption peaks that
render these frequencies unusable for high speed, long-range communications. The
attenuation of terahertz waves in the atmosphere involves the use of reliable, but also
robust and compact terahertz sources for their use in real conditions.

Very high-speed wireless communications can be applied to short or long-range
communications. Very short-range transmissions find applications in electronic
systems. The increase in frequency impacts the losses undergone by the signal
in the interconnections increasing the consumption of the device and the thermal
effects, while limiting the performance. Wireless communications distances of a few
centimeters with high-data rates are an alternative to the electrical interconnections
used in circuits operating at frequencies above a few GHz [20].

High speed, short-rangewireless communications, over distances of less than 1m,
can be used for fast downloading of data such asmagazines or high-definitionmovies

Table 1 Frequency bands
with its attenuation and
supported bandwidth up to 1
THz

Frequency band
(GHz)

Bandwidth (GHz) Attenuation
(dB/Km)

215–315 100 2–4

330–365 35 5

390–435 45 9

450–515 65 11–12

625–725 100 11

790–900 110 12

925–950 25 15
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Fig. 2 State of the art of
wireless communications in
the 60 GHz–1 THz
frequency band for speeds
greater than 1 Gbps

by passing a download terminal [21]. By increasing the range from 1 to 100 m, these
applications can extend to a room or building involving spatially distinct channel
communications [22]. Record speeds between 100 and 120 Gbps are reported in
the literature [23–26]. The corresponding distances are between 0.5 and 20 m. The
performance of wireless communications between 60 and 1 THz is shown in Fig. 2.

Wireless communications over distances greater than 100 m, at high speed, serve
the back-haul network. The natural evolution of the network is to replace microwave
sources with higher-frequency sources. In the longer term, a convergence toward
terahertz frequencies and sources are to be considered in order to meet the speed
requirements. Data rates of 10 Gbps are reported in the literature at frequencies 120
and 140 GHz for distances reaching, respectively, 5.8 and 1.5 km [27–29].

In some cases, THz communication offers several advantages over microwave
and infrared systems. Here’s a summary of those benefits:

• THz communication offers the ability to increase throughput and bandwidth,
compared to microwave systems and can be used to simultaneously transmit
multiple high-definition channels [30, 31],

• Under certain atmospheric conditions, THzwaves are less attenuated than infrared
waves. Atmospheric attenuation then has a different impact on THz or infrared
communication depending on the conditions meteorological [32]. Recent exper-
imental measurements have shown that THz is more robust than infrared in the
presence of rain, dust fog or in the presence of air turbulence [33, 34],

• THz frequency band is not yet assigned [14]. In the United States, the band 0.275–
0.300 THz is reserved for mobile communication. In Europe, frequencies above
0.275 GHz are available for communication.

• Recent work

Ahexagonal fractal antennawith fed by amicrostrip line has been proposed operating
at over the region of 0.2–11.5 THz in [35]. The antenna possess a bandwidth of
0.2 THz–11.5 THz and VSWR ≤ 2. To achieve super wideband performance, a
fractal radiator with defected irregular ground plane and backed plane loading can be
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used. The hexagonal fractal antenna has reached an average peak gain of 10.82 dB,
moreover the dimension of the antenna is 800 × 600 μm2 in the area. In [36], a
compact MIMO antenna for WBAN has proposed with two nodes are both linear
arrays. It has achieved a dimension of the antenna of 35 × 36 μm2 in the area with
functioning at THz frequency 8.84 THz. The proposed antenna has achieved 8.2 dB
of gain. A compact circular patch antenna has been offered in [37]. Therefore, the
proposed antenna has achieved 4.8 dB and 5.3 dB of gain at 2.2 THz and 3.2 THz,
respectively, with dual-band characteristic forWBANat terahertz. In [38], an on-chip
antenna had proposed with exciting by an aperture fed mechanism, and the prototype
has a 15-element array comprising circular and rectangular patches. The proposed
antenna has achieved a bandwidth across 0.290 THz–0.316 THz with a gain of 11.71
dBi and radiation efficiency of 70.8%. Moreover, the dimension of the antenna is
20 × 3.5 mm2 in the area. In [39], a plasmonic microstrip antenna has proposed
with SSP characteristics for UWR THz application. The proposed antenna possess
wideband of about 5 THz operates from 0.1 to 20 THz with gain is about 12–25 dB
at frequency band. Amicrostrip antenna had been proposed for THz application with
linear scaling technique in [40], and the antenna operates from 4.9 to 5.9 THz with
bandwidth is 1 THz with dimension of the antenna 30 × 25 μm2 in the area.

The aim of this chapter work is to set up an antenna integrated, inexpensive
and intended for high-speed wireless THz communication. In this work, an antenna
coupled to a selective to THz application has been proposed with slot loaded of
2.1958 × 15.8465 μm2 and 10.979 × 3.1693 μm2 in the rectangular patch. Also, on
the right of patch is loaded with added a parasitic triangle resonator of ≈10.08 μm2.
It has been designed on Roger RT/duroid with a dielectric permittivity of 10.2. The
designed antenna operates from 3.6 to 15.8 THzwithmulti bands for THz application
(Fig. 3; Table 2).

2 Antenna Characteristics

2.1 Radiation Resistance

This is the loss of power related to the electromagnetic wave radiated by the antenna.
The total power radiated by the antenna through a sphere of radius R is given by
[41]:

Pr = k2

32π2
Z

(I l)2

r2
π∫
0
2πr2 sin2 θ sin θdθ (1)

where

Z =
√

μ0

ε0
≈ 377� (2)
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Fig. 3 Proposed antenna geometry. a Top view, b bottom view

Table 2 The optimized dimensions of the proposed antenna (in μm)

Parameters W1 W2 W3 W4 W5

Dimensions 25.3544 3.1693 3.1693 15.8465 15.8465

Parameters W6 W8 W9 W f Wr

Dimensions 3.1693 3.1693 1.58465 15.8465 1.92325

Parameters Ws G1 G2 R Ls

Dimensions 37.693 45.916 2 10 47.916

Parameters L1 L2 L3 L4 L5

Dimensions 17.5664 2.1958 10.979 10.979 17.5664

Parameters L6 L7 L8 L f Lr

Dimensions 2.1958 2.1958 2.1958 21.958 18,528,025

The result of the integration gives:

Pr = k2

12π2
Z(I l)2 (3)

Let be again, by relating the size of the antenna to the wavelength l:

Pr = π

3

l2

λ2
Zl2 (4)
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The power is proportional to the square of the intensity,which allows us to consider
that the antenna has a resistance, called radiation resistance whose value is givenwith
respect to the effective intensity Ieff:

Pr = Rr Ieff = Rr
1

2
I 2 (5)

Rr = 2π

3
Z
l2

λ2
≈ 800

l2

λ2
(6)

A quick calculation gives an order of magnitude of the resistance of a dipole. If
the ratio of the size of the dipole to the wavelength is 1/10, the radiation resistance
is 8�. It is also noted that the smaller the size of the dipole, the lower the radiated
power.

2.2 Efficiency of an Antenna

Let (Pe = Pa) be the power supply of an antenna. This power is transformed into
a radiated power Pr. In the direction of emission, the radiated power is less than
the power supply [42]. The antenna is an imperfect transformer. There are losses
during the transformation of energy, as in any system. The efficiency of the antenna
is defined by

η = Pr
Pe

(7)

η = Rr

Rr + R j
(8)

Upon receipt, the transformation takes place in the opposite direction. The Prad
power received on the receiver is less than the Pa power radiated arriving on the
antenna.

2.3 Radiation Intensity

The radiation intensity K is defined in W/sr, which is independent of r but varies
according to the direction:

K (θ, φ) = 〈P(r, θ, φ)〉r2 = E2(r, θ, φ)

2η0
r2 = E2

θ (r, θ, φ) + E2
φ(r, θ, φ)

2η0
r2 (9)
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η0 is the intrinsic impedance of the vacuum (the propagation medium) or about
120π.

It is possible to obtain the total power emitted < Pt > by integrating K(θ,φ) on
the 4π sr. This follows directly from the integral of the scalar product of the power
density on a closed surface, by choosing a sphere, we maximize the scalar product
at any point because:

〈P〉 = 〈Pr 〉ar and dS = dSar

So,

〈Pr 〉 =
∮
s

〈P(r, θ, φ)〉dS

dS = r2 sin(θ)dθdφ

〈Pt 〉 =
∮
4π

K (θ, φ)d�

d� = sin(θ)dθdφ

2.4 Directivity and Gain

As it was written earlier, the antenna does not emit power evenly in all directions.
So the antenna has a capacity:

• To concentrate the power in order to favor certain directions in emission;
• The directivity d(θ, φ) of an antenna in one direction therefore represents the

ratio of the intensity of the radiation in this direction to the average intensity Kmoy

that is to say that would be obtained if the power was emitted uniformly in all
directions by an isotropic antenna Kiso = Kmoy = (〈Pt 〉)/4π :

D(θ, φ) = K (θ, φ)

Kmoy
= 4πK (θ, φ)

〈Pt 〉 = 4πKmaxKn(θ, φ)

Kmax�n
= 4π

�a
Kn(θ, φ) (10)

The directional gain or more simply gain G(θ,φ) of the antenna, often confused
with directivity, represents the same thing taking into account losses [43]. It therefore
defined relative to the power at the input < Pin > rather than < Pt > . Efiency of 100%
makes directivity and gain are identical:

G(θ, φ) = εr D(θ, φ) (11)
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2.5 Impedance of an Antenna

Antenna input impedance is called the impedance seen at the input of this component.
She is represented by:

ZA = RA + j X A (12)

The input resistor RA represents a dissipation term. It is related, on the one hand,
to the radiated power and on the other hand, to the power lost by Joule effect.

RA = Rr + R j (13)

If RJ < < < Rr, we get an optimal antenna operation. However, the losses by Joule
effect can represent significant values depending on the geometry of the antenna.
Losses in the mass plane are also to be taken into account.

The definition of the dissipated power in an antenna is given by:

Pe = 1

2
RA I

2
A (14)

2.6 Reflection Coefficient

The antenna can be modeled by an impedance Zt . The antenna is always connected
to the modulator by a transmission line as shown in Fig. 4.

The current and voltage along the line can be expressed by the following
relationships with A and B are constants.

V (I ) = A · e jβl + B · e− jβl

I (I ) = 1

Rc

(
A · e jβl − B · e− jβl

)

At the load level (I = 0), Ohm’s law applies:

Fig. 4 Equivalent circuit

(Rc) Zt 

0l

I

I 

EG V
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V (0) = A + B and I (0) = 1

Rc
(A − B)

V (0) = Zt I (0)

V (0)

I (0)
= Zt = Rc

A + B

A − B

The reflection coefficient, denoted S11, expresses the ratio of complex amplitudes
B to A: it is a complex number that therefore expresses the reflection effect, in
modulus (intensity of reflection, zero to total) and in phase (phase shift of the reflected
voltage relative to the incident voltage, at the point of reflection).

We note that

S11 = ρe jϕ = B

A
(15)

So

Zt = Rc
1 + S11
1 − S11

Which is equivalent to

S11 = Zt − Rc

Zt + Rc
(16)

2.7 Notion of Reduced Impedance

One is positioned in any abscissa l, different from 0 (a common place on the line
between the source and the termination). The line has a characteristic resistance Rc.
At this abscissa, there is a certain voltage V (l) and a certain current i(l). These two
magnitudes are the result of overlays of incident and reflected flows.

We can define

Z(l) = V (l)

I (l)

Which mean

�(l) = Z(l) − Rc

Z(l) + Rc
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The expressions of V (l) and I(L) then allow to write Z(l) and Z(L) as a function
of ZT and Rc:

Z(l) = Rc
Zt + j Rc tgβl

Rc + j Zt tgβl

Z(l) is named impedance reduced to the abscissa l. This relationship is funda-
mental to solve adaptation problems in particular, but also to “manufacture” reactive
elements (processes widely used in microwave electronics). In addition, the reduced
impedance Z(l) is the impedance equivalent to the set consisting of the downstream
of the line and its termination (it is somehow the input impedance of the line section
of length L terminated by Zt). From the point of view of the upstream and therefore
the source, there is no difference between the initial line (reality) and the equivalent
line terminated by Z(l). This concept is fundamental for the adaptation of the line.
We also find:

�(l) = � e−2 jβl

where

� = Zt − Rc

Zt + Rc

2.8 Reflection Coefficient in Decibel:

If the characteristic impedance of the propagation line is Zc and the input impedance
of the antenna ZA, then the signal reflects on the input of the antennawith a coefficient
S11 whose expression is:

S11 = Z in − Zc

Z in + Zc

PA = Ps
(
1 − |S11|2

)

where

V (l) = A · e jβl
(
1 + � · e−2 jβl)

We find most of the time, the values expressed in decibels:

|S11|dB = 20 log|S11| (17)
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The maximum power transmitted to the antenna is obtained when the impedance
of the generator is equal to the combined impedance of the antenna. It corresponds to
a transmission parameter of the distribution matrix (S21) close to 1 and a reflection
coefficient (S11) close to 0 (in linear values). Adaptation mean that S11 = 0 dB.
It is assumed that a good adaptation is obtained when the reflection coefficient is
less than −10 dB. In practice, either we will seek to design the antenna in such a
way that it has an impedance equal to Zc at the working frequency, or we will have
at the input of the antenna an impedance transformation circuit which will modify
the input impedance of the antenna seen from the source and ensure the impedance
adaptation.

2.9 Voltage Standing Wave Ratio (VSWR)

In antenna application notes, antenna adaptation is often characterized by the ROS
or VSWR. When the antenna is less adapted, the reflection of a part of the incident
wave and the addition with the incident wave lead to the appearance of a standing
wave in the line that connects the antenna to the source (or receiver) [44].

2.10 The Steps of Designing a Patch Antenna

The dimensions of the patch are usually in the order of half wavelength. The choice
of length is guided by the resonance frequency to be given to the antenna. Since the
ground plane cannot be infinite, it can be equal to three or four times the wavelength,
which sometimes represents too large a footprint. A smaller ground plane will lead
to a change in the properties of the antenna. The characteristics of the substrate
affect those of the antenna. In general, its permittivity must be low, and it must be of
negligible thickness in front of the wavelength and have low losses (we characterize
the losses of a dielectric by the tangent of losses denoted tan δ. A typical value is
around 10-3).

2.11 Sizing a Rectangular Patch Antenna

As a summary, here is a procedure for designing a rectangular patch antenna. This
can be used for a first sizing. The optimization can then be done using an electromag-
netic simulator. The input data are: the substrate (electrical permittivity, loss tangent,
thickness) and the operating frequency. The thickness of the substrate must be such
that it satisfies the following equation. We consider a perfect and infinite plane of
mass.
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h ≤ c

4 f
√

εr − 1

Calculation of patch width:

W = λ0

2

√
2

1 + εr

λ0 = c

Fres

Calculation of effective wavelength λe and effective dielectric constant εe:

λe = c

f
√

εe

εe = εr + 1

2
+ εr − 1

2

(
1 + 12h

W

)−0.5

,
W

h
≥ 1

Calculation of patch length extension L:

L = 0.412
(εe − 0.3)

(εe − 0.258)
+

W
h + 0.264
W
h + 0.8

In practice, we find

0.05
λe

2
≤ L ≤ 0.01

λe

2

Calculation of patch length L:

L = Le − 2L = λe

2
− 2L

Calculation of the position of the feeding point: from this equation.

Rpos = Rin cos
2
(πx

L

)

x = L

π
arcos

(√
Rpos

Rin

)

The effect of the position of the feeding point can be taken into account and
determined from the above equation.
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3 Design and Optimization of Antenna

The proposed antenna configuration designed on Roger RT/duroid substrate [45–48]
with the dimension of 47.916× 37.693μm2 is presented in Fig. 3. The antenna geom-
etry comprises five iterations of rectangular slot loaded of 2.1958 × 15.8465 μm2

and 10.979 × 3.1693 μm2 in the rectangular patch. Also, on the right of patch is
loaded with added a parasitic triangle resonator of ≈10.08 μm2. Furthermore, the
p ground plane of proposed geometry is loaded with a modified slot and a parasitic
rectangular ring resonator [49]. The geometrical dimensions of the basic patch from
its operating frequency can be calculated as follows [50]:

Wp = c

2 fc
√

εrelative+1
2

(18)

εeff = εrelative + 1

2
+ εrelative − 1

2

⎛
⎜⎜⎝ 1√

1 + 12
(

h
Wp

)
⎞
⎟⎟⎠ (19)

L = 0.421h
(εeff + 0.3)

(
Wp

h + 0.264
)

(εeff − 0.258)
(
Wp

h + 0.8
) (20)

L p = c

2 fc
√

εeff
− 2L (21)

where Wp and L p represent patch’s width and length, respectively, h is the height
of the substrate, and εeff and εrelative are the effective and relative permittivity of
substrate, respectively. c, fc and L are the speed of light, central frequency and
the effective length, respectively. The main feed line is matched by an impedance of
50 �. For adaptation, we can use the following transmission line equations [50].

For W f

H ≤ 1,

Z0 = 60

εreff
ln

[
8H

W f
+ W f

4H

]
(22)

where

εreff = εr + 1

2
+ εr − 1

2

⎛
⎝ 1√

1 + 12 H
W f

+ 0.04

(
1 − W f

H

)2
⎞
⎠ (23)

For W f

H ≥ 1,
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Z0 = 120π
√

εreff
W f

H + 1.393 + 0.667 ln
(
W f

H + 1.444
) (24)

where

εreff = εr + 1

2
+ εr − 1

2

⎛
⎝ 1√

1 + 12 H
W f

+ 0.04

(
1 − 12

H

W f

)− 1
2

⎞
⎠ (25)

where W f is the width of the feed line, and Z0 is the characteristic impedance of the
transmission line. For calculation of the width and length L f of the feed network,
Eqs. 9–11 are used.

W f = 2h

π

(
B − 1 ln(2B − 1) + εr − 1

2εr

[
ln(B − 1) + 0.39 − 0.61

εr

])
(26)

L f = λ

4
√

εreff
(27)

B = 60π2

Z0
√

εr
(11)

where B is a constant used in the inverse design formula, expressed in Eq. (9) for a
microstrip line of a given characteristic impedance. Generally, the notch frequency
can be obtained by using the following equation [51]:

fnotch = c

4L
√

εre
(28)

where L is the total length of the embedding slit, εre is the effective dielectric constant,
and c is the speed of the light. The antenna design and evolution are depicted in Fig. 2
and Table 1, respectively.

4 Simulation Results

The antenna design is realized in five intermediate steps as shown in Fig. 5. At first, a
rectangular monopole with conventional ground plane (Ant I) is designed. In case of
Ant III, patch is loaded also with a rectangular slot from the top and the bottom. To
this, we add a triangular stub to the partial patch plane to achieve Ant VI geometry.
In successive design steps, and the last steps Ant V, the ground plane is loaded with
a modified slot comprising a circle and rectangle shaped.
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(a) (b) (a) (b) 
Ant I Ant II 

(a) (b) (a) (b) 
IVtnAIIItnA

(a) (b) 
VtnAlaniF

Fig. 5 Antenna geometry steps. a Top view, b bottom view

Simulation results are performed to analyze the performance of the proposed
antenna. In this direction, the antenna performance is determined in terms of S11,
return lossVSWR, gain, bandwidth and current distribution. The simulated S11 of the
proposed antenna has been comprised in Fig. 6. The antenna V has high bandwidth as
well as high gain with high return loss. This high performance is obtained because of
the partial patch and ground to achieve a bandwidth of 12.2THz (3.6–15.8 THz) for
terahertz frequency band, which has been achieved by the optimization of the antenna
geometry steps. The VSWR value of proposed antenna is of about 1.9 which mean
that our antenna has good impedance matching. Table 3 summarizes the antennas
performance in terms of VSWR (also see Fig. 7). It can be noted that Ant I and Ant
II have a bandwidth near to 3.4 THz/For Ant III and Ant IV, bandwidth of 4.6 THz
(3.6–7.8 THz) and 10.1 THz (3.6–13.7 THz) can be achieved, respectively. However,
Ant V has the highest bandwidth 12.2 THz (3.6–15.8 THz) as well as the highest
gain over the others cases. For this reason, this antenna will be considered in this
work.

The variations of the real and imaginary parts of the antenna input impedance in
close proximity to 50 � and 0 �, respectively, are demonstrated in Fig. 8.
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Fig. 6 Comparison return
loss. a between Ant I, Ant II
and Ant III, b between Ant
IV and Ant V
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Table 3 Performance of
antenna design steps

Design Steps Bandwidth (THz) Gain (dBi)

Ant I [3.7−7.1] = 3.4 1.9

Ant II [3.6−6.9] = 3.3 4.5

Ant III [3.6−7.8] = 4.6 4.6

Ant IV [3.6−13.7] = 10.1 5.1

Ant V (Proposed) [3.6−15.8] = 12.2 5.6

The radiation pattern E plane and H plane of the proposed an antenna is presented
in Fig. 9, at frequencies of 10, 12, 14 and 17 THz. The beam maximum was detected
at+60°, as depicted in Fig. 9e, f. Similarly, 2D radiation patterns for antenna exhibit
maximum radiation at −90° as shown in Fig. 9c. For jointly planes, the radiation
patterns are found to be deformed omni-directional through slight stabilization at
all frequencies. The surface current distribution of the proposed antenna has been
illustrated in Fig. 10 at six different frequencies. It can be noticed from Fig. 10b, the
current distribution is around 5106.8 A/m at center frequency, and on the other, the
same amount of current accumulates as shown in Fig. 10a, c, e, f is above 3401.7
A/m.
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Fig. 7 VSWR
characteristics of antenna
design steps
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The 3-dimensional (3D) radiation patterns of the proposed antenna are simulated
by using the commercial ANSYS HFSS as depicted in Fig. 11. The simulation
radiation patterns for Ant V were acquired at 5 THz, 8 THz, 10 THz, 12 THz,
14 THz and 17 THz as illustrated in Fig. 11a, b, c, d, e, f, respectively.

5 Summary

In this chapter, antenna theory is presented in order to define the antenna character-
istics which play a deterministic role in antenna design. We performed some steps
in order to design an appropriate antenna for suitable application. In this direction,
we designed a single-element antenna with new geometry. The antenna is designed
with defected ground having a circle shaped fractal and comprise a microstrip with
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              (a)  10 THz              (b)  12 THz

             (c)  14 THz                (d)  17 THz

Fig. 9 Radiation patterns of the proposed antenna

corporate feed network operating at 5 THz which is considered as Terahertz band.
The proposed antenna has the highest bandwidth of about 12.2 THz (3.6–15.8 THz)
with a gain of 5.6 dBi. HFSS software is used to simulate the proposed antenna. It
has been found that the return loss is minimal, high bandwidth, enhanced gain and
minimum VSWR (Voltage Standing Wave Ratio) value at THz band, which would
be an excellent candidate for THz wireless communication.
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(a)  5 THz (b)  8 THz

(c)  10 THz (d)  12 THz

(e)  14 THz (f)  17 THz

Fig. 10 Current distribution of the proposed antenna
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Fig. 11 Gain 3D of the proposed antenna
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All-Optical Encryption and Decryption
Circuit

Dilip Kumar Gayen

Abstract In modern times, there is a huge demand for high speed communication
and optical circuits can serve us the purpose very well. There have been many
approaches to design optical circuits. However, whenever we think of communica-
tion, we must think about security. Hence, the need for an encryption and decryption
circuit becomes inevitable for optical communication. In order to achieve our goal,
we use terahertz optical asymmetric demultiplexer (TOAD)-based optical switch for
the designing of the encryption and decryption circuit. The main advantage of this is
that it performs the operation in terahertz range also same circuit use as encryption
and decryption operations.

Keywords Optical encryption and decryption · Semiconductor optical amplifier ·
Optical communication

1 Introduction

Presently, a day high velocity all-optical rationale entryways are critical gadgets
in optical organizations. All-optical rationale entryways execute fundamental sign
preparing capacity. They additionally fit for exchanging recovery and header
acknowledgment preparing in photonic exchanging hubs [1–3]. Unrest has been
achieved in all-optical data preparing framework. This insurgency has been made
with the assistance of the disclosure of ultra-rapid all-optical switches dependent
on cross phase modulation. Among various optical switches, the terahertz optical
asymmetric demultiplexer (TOAD) successfully joins quick exchanging time, high
reiteration rate, and low force utilization [4–7]. The innovation of coordinating a
few frequencies onto a comparable fiber is called frequency division multiplexing
(WDM). The rule of WDM used in simultaneousness with optical speakers has a
result in correspondence interfaces that grant fast interchanges among clients on the
planet’s nations. There are numerous difficulties of fiber optic correspondence. The
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innovation of incorporated optics and present-day optical strands happens in the field
of optical hardware and segments [8]. All-optical adder’s configuration dependent on
plasmonics and photonic precious stone for cutting edge super first optical proces-
sors which give scaled down actual impression of the gadgets attributable to the tight
optical imprisonment. By the by, the cycle of creation engaged with the plasmonic-
based plans alongside the misfortune caused at the metal are among the restricting
highlights [9]. The optical utilization of Walsh-Hadamard codes turns significant for
optical CDMA to take care of different issue. For this, the plans need the utilization
of nonlinear optics equipped for controlling multi-esteemed signs. To accomplish
this objective, all-optical TOAD-based plan of Walsh-Hadamard codes have been
investigated [10]. J. Wang et al. have proposed all-optical rationale entryway at 40
Gbit/s dependent on the fell entirety and contrast recurrence age utilizing intermit-
tently poled lithium niobate waveguide [11]. TOAD-based switches can be utilized
as cascading has been shown by B. C. Wang [12]. Along these lines, TOAD-based
exchanging framework is widely used to create tree design for performing two-input
rationale tasks and single-digit number-crunching activities in every optical area. In
this chapter, we have proposed and depict the all-optical encryption and decoding
tasks utilizing TOAD-based optical switch. We have used both the transmitted and
reflected port of the device.

2 TOAD Switch

The fundamental circuit of TOAD-based switch is appeared in Fig. 1a [4, 7]. Here, a
semiconductor optical amplifier (SOA) is put lopsidedly in a circle. TOAD could be
a lone arm interferometer. It uses a semiconductor optical amplifier (SOA) that is put
unevenly arranged in a fiber circle. The fiber circle jointed at the base by an optical
50:50 coupler. Approaching input/incoming pulse (IP) of frequency λ1 separates into

Fig. 1 a All-optical TOAD-based switch and b block diagram of TOAD
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two comparable parts. One is counter clockwise (CCW) parts and other is clockwise
(CW) parts. These two parts spread around the circle reverse approach to each other
and reconsolidate at this comparable coupler. Depending upon the segment, the phase
difference between CW and CCW produce constructive or destructive interference.
This phase difference can be made by applying beat light emission of frequency λ2,
which is implanted through a coupler affixed in the fiber circle as given in Fig. 1a.
A Gaussian control pulse (CP) of full-width half greatest, data signals applied at
practically same time. As SOA is put unevenly in the fiber circle by distance �x,
CW and CCW multiply two unique occasions through SOA. By then, the relative
phase distinction among CW and CCW happens. Contingent on the phase different
(��) constructive or destructive impedance happens besides sends through the upper
or lower port separately. The power at upper moreover, lower port can be imparted
as [4–6]. The block outline of a TOAD-based switch is showed up in Fig. 1b.

Poweroutput_1 = PowerIP
2

{
GCW(t) + GCCW(t) − 2 ∗ sqrt[GCW(t) ∗ GCCW(t)]

∗ cos(��)

}

(1)

Poweroutput_2 = PowerIP
2

{
GCW(t) + GCCW(t) + 2 ∗ sqrt[GCW(t) ∗ GCCW(t)]

∗ cos(��)

}

(2)

3 All-Optical Encryption and Decryption

All-optical encryption and decryption circuit with the help of TOADs is designed.
The circuits are designed theoretically and verified through numerical simulations.
Here, encryption of 4-bit valid data at a time and the decryption circuit will be almost
same as the encryption circuit, i.e., when we feed the output (encrypted data) of the
encryption circuit to the input of the decryption circuit, we will get back our original
signal. For the encryption and security purpose, we add 4 extra bits as the most
significant bits (MSB) to the original 4-bit data which will be the least significant
bits (LSB) and will then feed it to the encryption circuit. Let 1010 be our valid
4-bit data, and we feed 01001010 to the encryption where MSB 4-bit (0100) are
extra added bits and LSB 4-bit (1010) is valid data. Now, the output from encryption
circuit is 01010001 and that is given as the input to the same circuit (decryption
circuit), and we will get back the original input which is 01001010 where the least
significant 4-bits (1010) is the valid 4-bit data. Table 1 shows the truth table of 8-bit
encryption circuit. The input to the encryption circuit is x7x6x5x4x3x2x1x0 (x7−x4 are
extra added bits and x3−x0 are valid data bits) and the corresponding outputs from
the encryption are y7y6y5y4y3y2y1y0. From Table 1 and by using Karnaugh, map we
can deduce the following expressions for encryption circuit.
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Table 1 Truth table for the
encryption circuit

Input (to encryption circuit)
[x7x6x5x4x3x2x1x0]

Output (from encryption circuit)
[y7y6y5y4y3y2y1y0]

0100 0001 0101 1010

0100 0010 0101 1001

0100 0011 0101 1000

0100 0100 0101 0111

0100 0101 0101 0110

0100 0110 0101 0101

0100 0111 0101 0100

0100 1000 0101 0011

0100 1001 0101 0010

0100 1010 0101 0001

0100 1011 0101 0000

0100 1100 0100 1111

0100 1101 0100 1110

0100 1110 0100 1101

0100 1111 0100 1100

y7 = x7, y6 = x6, y5 = x5, y4 = x4 + x3x2, y3 = x3x2 + x3 · x2, y2 = x2,

y1 = x1 and y0 = x0 (3)

The circuit diagram of encryption circuit is shown in Fig. 2. To design this circuit,
we use 9-TOADs-based optical switches namely T1 to T9. Incoming signals are
feed to circuit from constant pulse light sources. For the switches T1 and T3, control
signals are x7 and x5. Here, we consider the input as 01001010 (x7x6x5x4x3x2x1x0).
As x7 = x5 = 0, i.e., control pulse (CP) is absence for the switches T1 and T3,
therefore according to switching principle of TOAD-based switch only the output_2
(lower port) receives the light and no light receives at output_1 (upper port). Hence,
the value of y7 and y5 will be 0.

For the switch T2, CP is present as x6 = 1. Hence, light reaches to y6, i.e., y6
= 1. Now for the switches T4 and T5, CPs is zero and one as x4 = 0 and x3 = 1,
respectively. The switches T6 and T7 receive the same control pulse from x2. As x2
= 0, both the switches receive the CP as 0. As x3 = 1, the incoming light emerges
from output_1 (upper port) of T5 and falls on T6 only. So switch T6 becomes active
and switch T7 becomes inactive. For the switch T6, CP is 0 (as x2 = 0) so no light
comes out from output_1 (upper port). With the help of beam splitter, fraction of
light from output_1 of T6 is combined with x4 to act as a control signal for switch
T4. Now for the switch T4, control signal is absent (as x4 = 0 and output_1 (T6)
= 0) so incoming pulse reaches to output_2 (lower port). Hence, y4 becomes 1.
As the switch T7 is inactive; therefore, no light reaches to output_1 (upper port)
and output_2 (lower port). For this reason, y3 is 0 and y2 is 0. For the switch T8, CP
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Fig. 2 All-optical encryption circuit, where x7x6x5x4x3x2x1x0: inputs, y7y6y5y4y3y2y1y0: outputs,
T1-T9: TOAD-based optical switches, : incoming pulse (IP), /: beam splitter and : beam
combiner

is 1 (as x1 = 1), as a result no light reaches to output_2 (lower part) so y1 is 0. But
for the switch T9, CP is 0 (as x0 = 0), subsequently light reaches to output_2 (lower
part) so y0 is 1. Hence, final output is 01010001(y7y6y5y4y3y2y1y0) that verifies the
truth of the encryption circuit.

Table 2 shows the truth table of 8-bit decryption circuit. The input to the decryp-
tion circuit is y7y6y5y4y3y2y1y0 and the corresponding output from the decryption
is x7x6x5x4x3x2x1x0. From Table 2 and by using Karnaugh map, we can deduce the
following expressions for decryption circuit.

x7 = y7, x6 = y6, x5 = y5, x4 = y4 + y3y2, x3 = y3y2 + y3 · y2,
x2 = y2, x1 = y1 and x0 = y0 (4)

The circuit diagram of decryption circuit is shown in Fig. 3. To design this circuit,
we use 9-TOADs based optical switches namely T1 to T9. Incoming signals are
feed to circuit from constant pulse light sources. Here we consider the input as
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Table 2 Truth table for the
decryption circuit

Input (to the decryption
circuit)
[y7y6y5y4y3y2y1y0]

Output (from the decryption
circuit)
[x7x6x5x4x3x2x1x0]

0101 1010 0100 0001

0101 1001 0100 0010

0101 1000 0100 0011

0101 0111 0100 0100

0101 0110 0100 0101

0101 0101 0100 0110

0101 0100 0100 0111

0101 0011 0100 1000

0101 0010 0100 1001

0101 0001 0100 1010

0101 0000 0100 1011

0100 1111 0100 1100

0100 1110 0100 1101

0100 1101 0100 1110

0100 1100 0100 1111

01010001 (y7y6y5y4y3y2y1y0) which is received from output of the encryption circuit.
Optical attenuators are used in every input to adjust the power of control pulse. In
switches T1 and T3 control signals are y7 and y5. Control pulse (CP) is absence for
the switches T1 and T3 as y7 = y5 = 0. According to switching, principle of TOAD
based switch only the output_2 (lower port) receives the light and no light receives
at output_1 (upper port). Thus, the value of x7 and x5 will be 0.

For the switch T2, CP is present as y6 = 1. For this reason, light reaches to x6,
i.e., x6 = 1. In switches T4 and T5, CPs are zero and one as y4 = 1 and y3 = 0.
The switches T6 and T7 receive the same control pulse from y2. As y2 = 0, both the
switches receive the CP as 0. Since y3 = 0, the incoming light emerges from output_2
(lower port) of T5 and falls on T7 only. So switch T6 becomes inactive and no light
comes out from output_1 (upper port). With the help of beam splitter, fraction of
light from output_1 of T6 is combined with y4 to act as a control signal for switch
T4. At present for the switch T4, control signal is present (as y4 = 1) subsequently
no incoming pulse reaches to output_2 (lower port). Hence, x4 becomes 0. In the
switch T7, CP is 0 (as y2 = 0) consequently light reaches to only output_2 (lower
port). Subsequently, x3 is 1 and x2 is 0. In switch T8, CP is 0 (as y1 = 0), as a result
light reaches to output_2 (lower part) so x1 is 1. But for the switch T9, CP is 1 (as y0
= 1), then no light reaches to output_2 (lower part) so x0 is 0. Therefore, final output
is 01001010 (x7x6x5x4x3x2x1x0) that verifies the truth of the encryption circuit.
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Fig. 3 All-optical
decryption circuit, where
y7y6y5y4y3y2y1y0: inputs,
x7x6x5x4x3x2x1x0: outputs,
T1-T9: TOAD based optical
switches, : incoming pulse
(IP), /: beam splitter, :
variable optical attenuator
and : beam combiner

4 Numerical Results

To check the action of this proposed circuit, mathematical reproduction with
MATLAB has been performed utilizing various boundaries utilized in recreations
and analysis of different papers [13–15]. The reproduced input and output waveforms
for three different arrangements of information for encryption circuit are given in
Fig. 4a–c .Here, input waveforms are addressed by arrangements of beats of explicit
piece time of 50 ps and the sufficiency relates to power or force of light in milliwatt
(mW). During the time stretch from 0 to 400 ps, each info gets the worth mix 0 as
well as 1 and the comparing reproduced output waveforms in a similar time period
are appeared at terminals y0 through y7. The reproduced input and output waveforms
for three different arrangements of information for decryption circuit are given in
Fig. 5a–c.

Here, input waveforms are addressed by arrangements of beats of explicit piece
time of 50 ps and the sufficiency relates to power or force of light in milliwatt (mW).
During the time stretch from 0 to 400 ps, each info gets the worth mix 0 as well
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Fig. 4 Input and output waveforms for encryption circuit, a input is 01001010, encrypted output is
01010001, b input is 01000001, encrypted output is 01011010 and c input is 01001101, encrypted
output is 01001110

as 1 and the comparing reproduced output waveforms in a similar time period are
appeared at terminals x0 through x7.

The eye-chart is the superposition of the outputs for the redundancy time of the
sources of info, i.e., inputs shifts from 1 to 0 or 0 to 1. Figure 6 is anything but a
traditional eye-graph since they are not as useful as in debasing impacts, ordinarily
saw in the highlight point correspondence joins, for example, clamor source, are
added by the finder and optical filaments. This graph is known as a pseudo-eye-
chart. An eye-chart with huge eyes demonstrates a reasonable transmission with a
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Fig. 5 Input and output waveforms for decryption circuit, a input is 01010001, decrypted output is
01001010, b input is 01011010, decrypted output is 01000001 and c input is 01001110, decrypted
output is 01001101

Fig. 6 Pseudo-eye-chart
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low piece rate. Here, the value of pseudo-eye-chart is almost 91.05%. This worth
demonstrates very great reaction at the output terminals.

5 Summary

This is a new technique especially designed for the encryption of optical signal
through the use of TOAD. The addition of extra bits and then encryption of the data
makes the transmission highly secure from data theft or hacking. This is a very simple
technique as the same optical circuit is serving as the encryption and decryption
with minor changes. This technique can be developed further for overcoming the
limitations and further simplification of the circuit if possible to encrypt more inputs
with lesser overhead and cost.
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Gallium Oxide-Based IMPATT Sources
for THz Applications

S. J. Mukhopadhyay, S. Kanungo, Aritra Acharyya, and M. Mitra

Abstract The potency of terahertz (THz) impact ionization avalanche transit time
(IMPATT) diodes based on ultra-wide bandgap semiconductor material β-Gallium
oxide (Ga2O3) has been investigated here. A large signal simulation technique is
considered to probe the DC and high-frequency features of single drift region (SDR)
β-Ga2O3 IMPATTs formulated to operate at 0.5 THz. Simulated outcome focuses
that the SDR β-Ga2O3 IMPATTs are able to deliver remarkably greater RF power
as well as higher DC to RF conversion efficacy at the aforesaid frequency compared
to the conventional Si and InP material-based double drift region (DDR) IMPATT
sources.

Keywords β-Ga2O3 · IMPATTs · SDR · RF output power · THz

1 Introduction

This is beyond doubt to all that IMPATTdevice has proved its capability of generating
adequate RF power at higher frequency band stating from microwave upto THz [1–
7]. The terahertz sources have multiple practical exercises in several domains [8–
12]. Silicon being the majorly used substance for IMPATT source is competent of
producing RF power upto 0.5 THz [7, 13]. There are some other semiconductors like
InP (Eg = 1.35 eV at 300 K), 4H-SiC (Eg = 3.23 eV at 300K), 6H-SiC (Eg = 2.86 eV
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at 300 K), 3C-SiC (Eg = 2.36 eV at 300 K), Wz-GaN (Eg = 3.40 eV at 300 K)
have exhibited enormous potentialities as the base materials of IMPATT sources
operating at such high frequency regime [14–20]. Here, the authors have explored
the potentiality of ultra-wide bandgap semiconductor, i.e., β-Ga2O3 (Eg = 4.85 at
300 K) as a substrate material of SDR IMPATT diodes operating at 0.5 THz. Because
of larger bandgap, stability, and reachability to get large diameter bulk, β-Ga2O3 turns
out to be a brilliant substrate for high frequency and power applications.

A well-approved large-signal model has been formulated here to carry out DC
and high-frequency properties of SDR β-Ga2O3 IMPATTs intended to operate at the
aforesaid frequency. Ultimately, the large-signal RF performance of SDR β-Ga2O3

IMPATTs is compared here to that of IMPATT sources based on Si, InP with a view
to ensuring the superiority of SDR β-Ga2O3 over those traditional base materials.

2 Structure, Material, Fabrication, and Simulation

In this section, structure of the device and corresponding substance parameters,
fabrication, and simulation method have been presented.

2.1 Structure

The one-dimensional model (1-D) model of p+nn+ structure SDR IMPATT exhibited
in Fig. 1 is considered for the simulation purpose. The space charge layer width
is 0.4950 μm. Doping concentrations of highly doped regions (Nn+ and Np+) are
considered as 5.0 × 1025 m−3. The doping concentration of n-layer (i.e., ND) is
adjusted to optimize the static (DC) properties of the device such as avalanche and
drift layer widths, breakdown voltage so that the device can be able to provide larger
power with significantly greater conversion efficacy. The diameter (Dj) of the device
is usually considered as 10 μm. Optimized structural parameters of the device are
exhibited in Table 1.

Fig. 1 Representation of
1-D SDR IMPATT
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Table 1 Optimized design
parameters of 0.5 THz SDR
β-Ga2O3 IMPATTs

Wn (μm) 0.495

ND (×1023 m−3) 2.000

NA (×1023 m−3) 2.000

Nn+ (×1025 m−3) 5.000

Np+ (×1025 m−3) 5.000

Dj (μm) 10.00

2.2 Material

The field dependence of ionization rate of electrons in β-Ga2O3 has been subsumed
in the large signal program via reported data [21]. Similarly, the drift velocities of
charge carriers in β-Ga2O3 are included in the simulation by utilizing data focused
in published literature [22]. Other important material parameters such as mobility,
relative dielectric constant, thermal conductivity of β-Ga2O3 are taken from recently
published reports [23, 24].

2.3 Fabrication

Gallium oxide focuses on five different components: monoclinic, rhombohedral,
defective spinel, cubic, and orthorhombic, and is represented as β-, α-, γ-, δ-, and ε-
Ga2O3, respectively, [25]. Among the crystal structures, β-phase is the most stable
structure and can be enhanced with melting growth techniques that facilitate the
acquisition of larger, smaller sizes, costing one site. Single crystal Ga2O3 bulks
combined with melted growth techniques such as czochralski, floating space, and
film-based growth strategies (EFG) are highlighted elsewhere [23]. Among these,
EFG has the advantage over other methods used to produce large quantities of crystal
wafers. The epitaxial growth of smallGa2O3 films,with severalmodes such asmolec-
ular beam epitaxy (MBE), halide vapor phase epitaxy (HVPE), metal-organic chem-
ical vapor deposition, and mist chemical vapor deposition reported in the literature
published [23].

2.4 Simulation

The non-sinusoidal voltage excitation strategy [26] is presented here to scrutinize
DC (static) and large signal properties of SDR β-Ga2O3 IMPATT diodes formulated
to operate at 0.5 THz. The aforesaid parameters of β-Ga2O3 depicted previously are
taken as the inputs of the simulation program developed in MATLAB domain. The
simulated outcome provides important static (DC) and high frequency parameters,
discussed in the following section.
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3 Results and Discussion

Here in this article DC and large signal characteristics of SDR β-Ga2O3 IMPATT
diode have been studied at operating frequency of 0.5 THz. The simulations have
been accomplished for the bias current densities ranging from 1.8× 108A/m2 to 2.6
× 108A/m2. The range of bias current density has been taken for the diode for which
the diode holds negative conductance.

3.1 DC and Large Signal Performance of Device

Variations of static (DC) and high-frequency parameters like maximum electric field
(ξP), breakdown voltage (VB), avalanche zone voltage (VA), avalanche layer width
(xa), avalanche frequency resonance (fa), optimum frequency (fp), peak magnitude
conductance (|Gp|), susceptance (Bp), peak Quality factor (Qp), magnitude of nega-
tive resistance (|ZR|), large signal efficacy (ηL) and RF (PRF) power output, etc., of
the device with the bias current (J0) density are plotted in Fig. 2. It is evident that as
the current density increases, VB, VA, and xa increases as shown in Figs. 2a–c. As
higher current density results in a larger electric field which reduces transit time of
the carriers, so fa and fp increase slightly (see Fig. 2d). In addition, the magnitude
of negative conductance and susceptance also increases with the current range of
selections (see Fig. 2e).

It is revealed in Fig. 2g, h that the Qp and ηL of the device decreases with the
current density when the ZR magnitude increases with increasing current density
leading to an increase in DC to RF power output as shown in Fig. 2f, i. RF perfor-
mance measurement data for SDR β-Ga2O3 IMPATTs are not available in published
publications as a result, comparisons cannot be performed with generated data. The
observations are given in tabular format (see Table 2).

3.2 Co-Relative Study with IMPATT Sources Based on Si
and InP

It is interesting to note fromTable 3 below that SDR β-Ga2O3 IMPATT diodes having
the ability of generating much higher RF power (PRF) as compared to their DDR Si
and InP counterparts at 0.5 THz. Thus, β-Ga2O3 is the most suitable material over
traditional base semiconductor materials like Si/InP for fabricating SDR IMPATTs
at THz frequencies.
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Fig. 2 Variations of some DC and large signal parameters of 0.5 THz SDR β-Ga2O3 IMPATTs
with bias current density

Table 2 DC and large-signal characteristics of SDR β-Ga2O3 IMPATTs

Bias current density J0 (x108A/m2) 1.8 2.0 2.2 2.4 2.6

ζp (×108 V/m) 8.7809 8.7809 8.7809 8.7809 8.8009

Breakdown voltage (V) 417.419 417.152 416.892 416.622 417.465

Avalanche voltage drop (V) 384.930 386.077 385.835 386.280 383.548

xA (×10–7 m) 4.890 4.910 4.910 4.920 4.870

fa (GHz) 416.50 416.50 416.50 416.60 416.60

fp (GHz) 501.90 501.90 502.00 502.00 502.10

Gp (×105 Sm−2) −1.470 −1.631 −1.790 −1.950 −2.098

Bp (×107 Sm−2) 2.8190 2.8190 2.8196 2.8196 2.8201

ZR (×10–10 �m−2) −1.8503 −2.0524 −2.2524 −2.4520 −2.6383

Quality factor (−Q) 191.701 172.826 157.452 144.584 134.391

PRF (mW) 362.230 401.275 439.996 478.534 517.019

Efficiency ηL (%) 6.138 6.123 6.108 6.093 6.064
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Table 3 DC to RF power
output of DDR Si, InP, and
SDR β-Ga2O3 IMPATTs

Base material Simulated data of PRF (mW)

Si (DDR) 89.61[26]

InP (DDR)
β-Ga2O3(SDR)

141.93[26]
517.00

4 Summary

The potential of THz SDR IMPATTs based on β-Ga2O3 is transferred to this
paper. Complete DC and large-signal properties were achieved in the SDR β-Ga2O3

IMPATT diode designed to operate at 0.5 THz. The mimicry result revealed that
SDR β-Ga2O3 IMPATTs were able to produce greater RF power at THz frequency
compared to their traditional counterparts, namelyDDRSi and InP IMPATTs. Obser-
vations presented in this article will assist in the manufacture of THz SDR β-Ga2O3

IMPATT diodes.
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All Optical XOR Gate Using Quantum
Dot Semiconductor Optical Amplifier
Based Terahertz Optical Asymmetric
Demultiplexer (TOAD)

Kousik Mukherjee

Abstract All Optical XOR gate based on Terahertz Optical Asymmetric
Demultiplexer (TOAD) using Quantum Dot Semiconductor Optical Amplifier
(QDSOA) is the subject matter of this chapter. The operating speed of the proposed
gate is 1 Tb/s. QDSOA is a versatile gain medium and has advantages in terms of
gain recovery, patterning effect, amplified spontaneous emission (ASE) noise, etc.
The XOR gate is simulated using MATLAB and analyzed by calculating Extinc-
tion ratio (ER), Contrast ratio (CR), and quality factor (Q). The bit error rate (BER)
is also calculated to show proper operation of the logic for optical communication
applications. The XOR gate is characterized by pseudo eye diagram also. Relative
eye opening of more than 90% is calculated shows clear transmission of the bits.

Keywords Optical logic · Quantum dot SOA · TOAD · ASE noise

1 Introduction

All optical signal processing (AOSP) is the demand of modern communication
systems (AOSP).Due to transparency, reconfigure-ability and tenabilityAOSPpoten-
tially increase the network flexibility [1]. Besides these advantages to avail high
bandwidth high speed operations optical techniques should be employed. More-
over, multidimensional properties like amplitude, phase, frequency, and polarization
of an optical signal can be modulated simultaneously to provide more degrees of
freedom [1]. ForAOSP, nonlinear optical properties are important componentswhich
can be used to manipulate different properties of an optical signal. The important
nonlinearities include Four Wave Mixing (FWM), Sum and Difference frequency
generation (SFG&DFG) successively, Cross Gain modulation (XGM), Cross phase
modulation (XPM), etc. Semiconductor Optical Amplifier (SOA) is a versatile gain
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medium showing various nonlinearities asmentioned above. SOAs are very attractive
nonlinear devices for applications in AOSP due to their multifunctional applications
[2]. Few important applications include Optical transmission [3, 4], logic gates [5,
6], wavelength converter [7], optical switch [8], and other network applications [9].
Quantum dot SOA (QDSOA) uses quantum dots in the active region find appli-
cations in pattern effect free amplification and wavelength conversion [10] which
enables QDSOA to be used in high performance amplifiers and all optical switches in
AOSP. Over the conventional SOAs (bulk or quantumwell structure), QDSOAs have
many advantages. These advantages include shorter time for gain recovery, patterning
effect free operation, higher gain bandwidth, etc. [11–13]. These enable QDSOA as
a potential candidate for all optical signal processing at Tb/s speed or more [13, 14].
Therefore in last two decades or more lots of QDSOA based designs of logic gates,
and processors have been proposed [13–20]. Mach Zehnder Interferometer (MZI)
structure is very popular in designing such devices [14, 16, 18, 19]. AnMZI requires
two identical QDSOAswith perfect balance of phase and gain for its operation which
is very difficult to attain [15, 17]. Moreover, use of two QDSOAs makes the designs
complex in hardware also. Terahertz Optical Asymmetric Demultiplexer (TOAD) is
another interferometric switch but uses only a single active element like SOA [21].
Recently QDSOA is utilized to design all optical digital to analog converters (DAC)
[22] with high values of dynamic range and low absolute error. Therefore, TOAD
based designs have lower complexities and since single SOAs are used there are no
such problems like MZI. As an ultra-speed switching device TOAD using quantum
dot SOAs may become an important alternative [23]. TOAD based on QDSOA in
place of conventional SOA is an important alternative for the design of optical logic
devices [24]. Works [25–28] deals with the design of XOR gate using TOAD with
conventional SOA. This chapter deals with the operation of a TOAD using QDSOAs
and design of XOR gate using this TOAD for the first time to the best of author’s
knowledge. The rest of the chapter is organized as follows:

(a) Section 2: Structure and working of QDSOA
(b) Section 3: Structure of QDSOA based TOAD
(c) Section 4: Mathematical Modeling
(d) Section 5: Working Principle of the XOR gate
(e) Section 6: Results and Discussions
(f) Section 7: Summary.

2 Structure and Working of the QDSOA

Figure 1 shows self assembled InGaAs quantum dots on GaAs substrate is used to
design the QDSOA. The wetting layer is grown with Stranski–Kranstanow mode
[10]. Typical dot sizes are 10–20 nm [25], and repeated layers of such dots provide
sufficient gain. There are two types of model: one state and two state for gain of
the QDSOA. In the former case, only ground state transitions are considered but in
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later model both excited states and ground states are considered. In Sect. 4, two state
model of QDSOA is described.

3 Terahertz Optical Asymmetric Demultiplexer (TOAD)

TOAD is a device with Tb/s operating speed and requires low (<1 pJ) optical power
for switching [21]. In this work, an SOA is used as nonlinear element asymmetri-
cally placed in a nonlinear loop mirror configuration. A simplified diagram is shown
in Fig. 1 using quantum dot SOA as nonlinear element. Here Cp is the control
pulse which modifies the QDSOA gain. This, in turn, controls the probe or data
signal (Pin) components (denoted by Pcw and Pccw) amplification and phase. These
two counter propagating signals passes the QDSOA at different times and experi-
ences different time dependent gain and acquire a phase difference which depends
on time and control power. These signals come out of two ports P and Q after
constructive and destructive interferences. IfGu be the unsaturated gain andGt be the
time dependent gain of the QDSOA, then output from the constructive and destruc-
tive interference port P and Q are given by OP = Pin

4

(
Gt + Gu + 2

√
GtGuCos�

)

and OQ = Pdata
4

(
Gt + Gu − 2

√
GtGuCos�

)
respectively. The phase difference is

F = −0.5 α ln(Gt/Gu).
In the absence of control signal, gains of QDSOAs are not saturated and Gt =

Gu, and results in zero phase difference between the counter propagating signals
Pcw and Pccw is zero. This corresponds to OP = Gu Pin and OQ = 0. When control
is present with a prefixed intensity caused gain saturation such that Gt = Gsat <<
Gu, and a phase change of π happens. This makes OP = (

√
Gu − √

Gsat)Pin/4, and
OP = (

√
Gu + √

Gsat)Pin/4. Therefore, light switches from constructive port (P) to
destructive port (Q). Figure 2 shows TOAD based switch using QDSOA and is called
QDSTOAD switch designed and analyzed in the work by Mukherjee [23, 24]. This
type of switching can be utilized to design any ultra-fast all optical logic gate and
devices. In this chapter in Sect. 4, the XOR gate is designed using this switch and
analyzed using mathematical modeling described in Sect. 3.

Fig. 1 QDSOA structure
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Fig. 2 TOAD based on
QDSOA
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4 Mathematical Modeling of the QDSOA

QDSOA based TOAD works on the principle of XGM and XPM in QDSOA. These
effects can be modeled by the rate equations [13–20, 22–25]:

∂f

∂t
= (1 − f )h

τ21
− f (1 − h)

τ12
+ f 2

τ1R
− Lwgmax(2f − 1)P

NQAeffhν
(1)

∂h

∂t
= − h

τ2w
− N (1 − h)Lw

τw2NQ
+ (1 − f )h

τ21
− f (1 − h)

τ12
(2)

∂N

∂t
= J

eLw
− N (1 − h)

τw2
+ NQh

τ2wLw
− N

τwR
(3)

∂P

∂z
=

[
gmax(2f − 1) − αint

]
P

Aeffhν
(4)

∂ϕ

∂z
= −0.5αgmax(2f − 1) (5)

where N denotes electron density in the wetting layer, f and h represent electron
occupation probabilities of ground state and excited state. Table 1 shows details of
other parameters of Eqs. (1)–(5).

Set of coupled Eqs. (1)–(5) are solved numerically using fourth order RungeKutta
method with parameters shown in Table 1. The time dependent gain is calculated as
Gt = exp [(gmax(2f − 1) − αint)L], where L represents length of the QDSOA. The
equations are first transformed into a retarded frame by τ = t – z/vg. The spatio-
temporal grid size is taken to be 0.05 µm ps.
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Table 1 Parameters used for
simulations [22–24]

(τwR) = 0.2 ns, the Spontaneous lifetime in the WL
(τw2) = 3 ps, Relaxation time of electron from the WL to ES
(τ 21) = 0.16 ps, Relaxation time of electron from ES to GS
(Vg) = 8.3 × 107 m/s, Group velocity
(τ 2w) = 1 ns, Escape time of electron from ES to WL
(τ 12) = 1.2 ps, Escape time of electron from GS to ES
(τ 1R) = 0.4 ns, Radiative lifetime (spontaneous) in Quantum
Dot
gmax = 14 cm−1, Material gain coefficient,
αint = 2 cm−1, internal loss
Injection current density, J = 1 kA/cm2

Lw = 250 nm, active layer effective thickness
NQ = 5.0 × 1010, Transparency current density
Aeff = 0.75 µm2, Effective area

5 Working Principle of the XOR Gate

Figure 3 shows the XOR gate based on two QDSTOAD. The destructive port outputs
of these two are combined to get the desired XOR gate.

The XOR gate works as follows:

Condition #1. Inputs A and B are both low i.e., ‘0’, output of both the QDSTOADs
are zero, resulting a low or ‘0’ output.

Condition #2. Input A is ‘0’, and B is ‘1’, nonzero output from QDSTOAD#1 result
in a high output.

Condition #3. If A is ‘1’, and B is ‘0’, nonzero output from QDSTOAD#2 results in
a high output.

Condition #4. If both A and B are ‘1’, low output from both the QDSTOADs makes
the final output low or ‘0’.

This explains the operation of the XOR gate.

Fig. 3 QDSTOAD based
XOR gate A 

B

QDSTOAD 
#1 

QDSTOAD 
#2 

Pin(B) 

Pin(A) 

XOR
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Fig. 4 ER, CR, and QF
versus control power
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6 Results and Discussions

For the analysis of the QDSTOAD based XOR gate ER, CR, and QF are calculated
and plotted with control power in Fig. 4. These parameters are defined as: ER =
10log(P1

min/P0
max)dB,CR=10log(P1

av/P0
av)dB,AM=10log(P1

max/P1
min)dB, and

Q = (P1
av − P0

av)/(s1 + s0), where (P1
max, P1

min, P1
av, s1) and (P0

max, P0
min, P0

av,
s0) are highest, lowest, average, and standard deviations of high (1) and low (0) states
respectively.

It is found that all these parameters show a maximum value for control power
of 1 mW. Next simulations use this control power. Figure 5 shows input output bit
patterns for the proposed XOR gate. The pattern shows a clear distinction between
low and high states of logic in QDSTOAD based XOR gate. The ER, CR, and QF
have maximum values of 6.5 dB, 7.8 dB, and 9.6 dB respectively.

The amplified spontaneous emission noise (ASE) has no significant effect on ER,
CR, and QF and is clear from Fig. 6. For N sp = 0 to 10, very small variations of ER
and CR is found. The QF is almost constant for noise variations. This is one of the
advantages of TOAD based devices.

7 Summary

All opticalQDSTOADis used to design anXORgate at operating speedof 1Tb/s. The
analysis of ER, CR, and QF shows overall satisfactory performance of the device.
The ASE noise dependence is not significant. The operation can be improved by
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modifications of the structure of the QDSTOAD described above. The device may
be used to construct half adder, full adder, parity checker, and generator in the future.
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Generation, Detection and Analysis
of Sub-Terahertz Over the Air (OTA)
Test Bed for 6G Mobile Communication
Use Cases
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Abstract After successful deployment of 5Gmobile, the 6Gmobile research works
havebeen initiatedworldwide. In the year 2019, 6GSummitwas organized at Finland.
This ignites the industries and academia further to extend their R&D efforts towards
6G. Presently they are exploring the use of D-Band with radio carrier frequencies
between 110 and 170 GHz for 6G mobile communications and automotive radar
applications. Rohde & Schwarz and IHP started to build their first R&D Test BED
with D-band frequencies for automotive radar and 6G use cases. The similar 5G-
6G-IoT Wireless Solutions using Sub-Terahertz and Millimetre wave Radio was
also initiated by the author and his team members both at Calcutta University and
SikkimManipal University, India. The radio wave propagation study and the system
development by the author and his group are subdivided into two categories. Category
1 of system development with radio carrier frequencies less than 100 GHz are useful
for 5G IoT use cases as formulated by 3GPP in release 15/16. Category 2 with radio
carrier at 140 GHz in Sub-Terahertz band will be useful for 6G-IoT use cases. This
chapter will focus on discussion for category 2 of system development by the author.
This will include 6G mobile communication in the form of 6G Test Bed at 140 GHz
of carrier and also active remote sensing in the form of radar at 140 GHz. Thus, the
Sub-Terahertz OTA 6G Test bed developed by the author is highly useful in 5G-6G-
IoT Wireless Solutions. In future, the solution in the form of useful products will
help our society towards a smarter world.
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1 Introduction

The next generation of future mobile cellular networks is 6G. It has the capacity to
support new and unknown services having changing requirements. There should be
utilization of 6G in the real world by the year 2030. New services are holographic
and critical communications with swift response. In 6G there is an opening for Tera-
hertz spectrum [1]. In Industry 4.0, industrial automation requires 0.1 ms latency at
1-10-9 reliability [1]. 6G will provide a connection to everything having an intelli-
gent connection which includes centralized intelligence (Forward), local Intelligence
(Access) and Terminal Intelligence (Data).

In 6G, a new fabric of digital services are enabled which includes human senses
and ambient data in the fusion of virtual and physical worlds [2]. In 5G, there is a
requirement for time synchronization to microseconds and low latency levels but it
will reach within 6G [2]. To shift from 5 to 6G, there is a need for a cross functional
programme of technology and scientific research which includes 4 Dimensional
video, Large intelligent surfaces, Direct satellite to user through beam forming satel-
lite, Ultra (Massive) antenna arrays for distributed (hybrid) MIMO, exceptionally
low latency Artificial Intelligence (AI) and Ultra high accuracy, Terahertz sensing
[2].

The update of past trends of 5G will be 6G which consists of densification, higher
rates, massive antennas and emerging trends. These include new services and recent
revolution in wireless devices, e.g. smart wearable, implants, Extended Reality (XR)
devices [3]. The driving trends of 6G technology [3] includes the following:

• More bits, more spectrum and more reliability
• From Areal to Volumetric spectral and Energy Efficiency
• Emergence of smart surfaces and environments
• From Self Organizing Networks (SON) to self-sustaining networks
• Convergence of communications, computing control [1], localization and sensing

(3CLS).

The 6G Service classes [3] include:

• Mobile broadband Reliable Low Latency Communication
• Massive URLLC (Ultra Reliable Low Latency Communication)
• Human-centric Service
• Multi-purpose 3 CLS and Energy services.

Enabling of MBRLLC (Mobile Broadband Reliable Low Latency Communica-
tion) andmobility management at high frequencymillimetre wave bands and beyond
Terahertz is the first step towards 6G [3]. In 6G, there are transitions from “Con-
nected Things” to “Connected Intelligence”. There are various features in 6G which
are given below by the following points [4]:

• Very high data rates up to 1 Tb/s
• Very high energy efficiency with the ability to support battery free IoT devices.
• Massive low latency control (less than 1 ms end-to-end latency)
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• Very broad frequency bands (73–140 GHz and 1–3 THz)
• Connected intelligence with machine learning capability [1].

To make the communications reliable and efficient, having the combination of
channel and hardware impairments, a massive number of design parameters are
needed to be controlled and optimized [4]. Hardware impairments include ampli-
fier distortion, local oscillator leakage and fading, interference, etc. are channel
impairments.

The ability of 6G technology is the connection of everything, integration of
different technologies having applications, support of holographic, haptic, space and
underwater communication. In 6G, therewill be the development of Internet ofEvery-
thing extending the Internet of Things (IoT) in 5G [5]. In 5G, there is introduction of
Artificial Intelligence (AI), automation and smart cities. In 6G, these technologies are
integrated. The crucial role in 6G is the Terahertz band which ranges from 0.1 to 10
THz [5]. In Terahertz band, there will be the support of the development of minuscule
cells in nanometre to micrometre dimensions delivering high speed communications
having the coverage area up to 10 m and the “Internet of Nano Things” will be
created [5]. The new proposal for 6G communication is Unmanned Aerial Vehicles
(UAV) [5]. In 6G, the new umbrella term is Extended Reality (XR) which includes
Virtual Reality (VR), Augmented Reality (AR) and Mixed Reality (MR). Extended
Reality (XR) is the combination of Virtual and Real worlds. For Extended Reality
(XR), 6G is very useful, supporting efficient connectivity, high data rate, high reli-
ability, high resolution and low latency [5]. There will be the usage of spectrum
sharing which allows the users to facilitate the sharing of the same spectrum by
solving the problem of spectrum requirements in 6G. Terahertz band provides high
data rates, high frequencies and high antenna gain compensating high path loss of
Terahertz propagation. For Terahertz band communication, the implementation of
newmodulation and coding techniques is mandatory. For the implementation of new
modulation and coding techniques, there is a need for the design of new transmitters
and receivers which operate on high frequency band.

The requirements in 6G wireless communication include broadband frequency
band, opportunistic data rate, opportunistic latency, massive Machine Type Commu-
nication (mMTC), super reliable Machine Type Communication, self-X network,
super precision operating system, super precision positioning, scalability, super
EnergyEfficiency, connectivity in 3Dimensional coverage, integrationwith satellites
and Software Defined Networking (SDN) [6]. Here Self-Xmeans Self Learning, Self
Reconfiguration, Self Optimization, Self-Healing, Self Organization, Self Aggre-
gation and Self Protection [6]. In 6G wireless communication, human-to-human,
human-to-machine and machine-to-machine will be enabled in an intelligent way.
In 6G mobile communication, there should be the expectation of casting the high
technical standard of new spectrum and energy efficient transmission techniques [7].
The expectation of 6G mobile communication is the development of the existing
wireless technologies and achievement of the enhanced system performance [7, 8].
The data rate in 6G will be from 100 to 1000 times faster than the 5G technology. In
6G networks, hundred gigabits per second will be upgraded to Terabit per second.



100 R. Bera

It is possible after the use of multi-band high spread spectrum, i.e. combination of
the use of 1–3 GHz band, millimetre wave band (30–300 GHz) and Tera Hertz band
(0.06–10 THz). In comparison to 5G, there is connection of trillion-level objects in
6G wireless technology. In 6G, the frequency will be above 100 GHz, new radio
will validate little explored frequency sources such as millimetre wave and Terahertz
bands to overcome spectrum scarcity and provide wideband width from hundreds of
megahertz to several gigahertz and even to Terahertz. The big data-driven network
is 6G as it is expected to support high data rates with heterogeneity in applications,
devices and networks. Some of the physical layer security techniques in 5G can
be utilized in 6G networks such as low-density parity check (LDPC)-based secure
massive MIMO, secure millimetre wave techniques is suitable for UM-MIMO and
THz band applications.

In comparison to 5G, there is an achievement of superior performance and more
performance metrics. In 5G, the peak data rate is 20 Gbps, while in 6G, the data rate
will be ranging from 1 to 10 Tbps. The spectrum efficiency will increase 3 to 5 times
than the previous stage [9]. There is an increase in connection density 10–100 times
according to the use of heterogeneous networks, diverse communication scenarios,
large number of antennas and wide bandwidth [9]. For specific cases, the latency
will be less than 1 ms. The energy efficiency will be 10 times better in comparison
to 5G. Here the capacity should be 10,000 times of the 5G system. The connection
density is 107 devices/km2.

1.1 6G Waveform

Radiowave propagation throughwireless channels and its channel impacts are severe
in degrading the performance of mobile communication. To restore the performance
from channel impairments due to wave reflection, scattering and other multipath
phenomena, LTE based 4G mobile waveform is doubly modulated. The 1st modula-
tion is preferably QAM modulation where the data is converted to complex symbol
having In-phase and Quadrature components. Multi Carrier Modulation (MCM) is
a very popular 2nd level modulation technique after QAM based modulation which
will subdivide the broadband symbols into several narrowband sub carrier to carry
the symbols further and thus is highly useful in compensating channel impairments.
MCM has evolved further into two major waveforms upgradation namely (i) OFDM
(ii) FBMC. OFDM is targeted for 4G/5G mobile whereas FBMC for 6G [10].

OFDM is facilitated with orthogonality in subcarrier which is too difficult to
maintain at the receiver leading to the problem of ‘loss of orthogonality’. It results
in carrier offset and a particular sub carrier at the receiver is deviated from the peak
response. As a result, signal reception of the particular sub carrier has deviated from
peak reception and additional leakage/interference from the neighbouring subcarrier
are also getting into the received signal. Thus OFDM has following disadvantages:
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(i) Imperfect synchronization causes loss of orthogonality which degrades
performance.

(ii) Signal is the sum of a huge number of subcarriers with large PAPR, this leads
to amplifier inefficiency.

(iii) Subcarrier inter-modulation must be reduced in order to maintain a low noise
floor both in and out of band.

The above OFDM problems can be improved by (i) introducing window function
that roll-off gently after OFDMmodulator and (ii) by incorporating filter bank before
the IFFT process at the transmitter and putting the similar filter bank pair within the
receiver. Thus FBMC waveform is evolving as 6G waveform having all the three
folded solutions to basic OFDM problems.

1.2 MC Methods [11]

Method 1: FilteredMultitoned (FMT) [12]: FMT is similar toGFDM(Generalized
FrequencyDivisionMultiplexing)where at the transmitter, QAMsymbols are passed
through up sampler, raised cosine filter banks before the IFFT process for sub carrier
generation with subcarrier bands having no overlap. H(f ) and H*(f ) are a pair of
root-Nyquist filters used in the transmitter and receiver respectively.

Method2: StaggeredModulatedMultitoned (SMT) [13]: SMT is further improve-
ment in OFDM process where consecutive subcarriers are allowed to overlap in time
staggered fashion with maximum time offset of T/2 [T being the Frame period]. By
this process, complex symbol feeding to the OFDM IFFT process will be Offset
QAM instead of QAM. The spectral efficiency is thus improved to a great extent.
Here use of H(f ) and H*(f ) guarantees separation of data symbols at the receiver.

Method 3:CosineModulatedMultitoned (CMT) [14] uses pulse amplitudemodu-
lated (PAM) symbols instead of Offset QAM symbols thereby, its use cases are
majorly restricted toDSL (Digital Subscriber Line) based cable or fibre optic commu-
nication instead of wireless communication. CMT also allows overlap of adjacent
bands.Here alsoH(f ) andH*(f ) guarantees separation of data symbols at the receiver.

Thus, OFDM is limited to 4G/5G mobile waveform uses but FBMC with its
guaranteed data recovery features is highly useful for 6G mobile communication.
6G is also looking for further waveform upgradation and new scheme of waveforms.
The Overall improvements at the physical layer of 6G using further technological
innovations can be compared with reference to 5G technologies and use cases and
tabulated as in the following Table 1.

Following a similar concept as in Table 1 towards the allocation of Frequency
band for 6G mobile, Rohde & Schwarz and IHP started to build their first R&D Test
BED with D-band frequencies for automotive radar and 6G use cases [15].
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Table 1 Difference between 5 and 6G at the physical layer

Features 5G 6G

Frequency band • Sub 6 GHz
• mm wave for fixed access

• Sub 6 GHz
• mm wave for mobile access
• Exploration to THZ band (110 to 170 GHz)
[D Band]
• Non-RF bands (Optical, VLC, etc.)

Data rate 20 Gbps (Maximum) 1 Tbps

End to end latency 5 ms (Radio: 1 ms) Less than 1 ms (Radio: 0.1 ms)

Waveform CP-OFDM with windowing FBMC

Smart antenna • MIMO
• Beam formation

• Massive MIMO
• Beam formation

Use cases • eMBB
• URLLC
• mMTC

• MBRLLC
• mURLLC

1.3 Use of D Band Sub-Terahertz Wave for Radar Based
Sensing in Autonomous Vehicles

Recently, the Market and Technology trends of ‘radar and wireless for automotive’
is reviewed by M/S Yole [12]. SAE, the Society of Automotive Engineers, a US
based professional association and standard developing, has evolved six levels of
driving automation from assisted drive to automated drive. More numbers of sensors
including automotive radar are required to be mounted on vehicles for automotive
drive. Radar should have low cost, size, weight and power (CSWaP) capabilities with
highest resolution enabling a chipset for automotive radar use cases whose antenna
beams will surround the vehicles for 360° as shown in Fig. 1 with 120° radiation
coverage by each radar and full coverage of 360° using 4 MIMO radars mounted at
the four corners of a vehicle. Radar development has the challenges like (i) Super
resolution using more than 1 GHz of radar bandwidth and also (ii) ensuring very
low false alarm. 2018–2025 Radar and wireless technology review for automotive
forecasts that radar market expected to almost double by 2025 as compared to 5G/6G
based connectivity market [16].

1.4 Need for Integrated Radar and Communication System

Applications of Radar, developed mainly for military purposes, has now expanded to
remote sensing, vehicular applications like Automatic Cruise Control, Autonomous
Emergency Braking, etc. and is usually operational at the millimetre wave frequency
range [16]. On the other hand, the new innovations in wireless communications have
made the carrier frequencies almost inadequate. So there is a need to move towards
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Fig. 1 Automotive radar use cases whose antenna beams will surround the vehicles for 360° for
safety operation

millimetre wave frequency bands allocated for Radar systems, which is still not fully
utilized [17]. Also, there is a need to limit the excess electromagnetic emissions.
Thus coexisting Radar and communication systems on mm-wave frequency band
is quite essential. Such integrated system provides effective utilization of frequency
band, smaller size of hardware which is essential for implementation on a vehicle and
thus lowered cost [17]. Recently, various industrial and academic research is being
conducted regarding the convergence of sensing and communication systems similar
to U. S. DARPA (Defense Advanced Research Projects Agency) [16]. The main
objective of Autonomous vehicles is to ensure safe and reliable driving with reduced
accident rates and they use sensors like Radar and communication techniques for
obtaining information about the road scenario.Main challenges for this joint system is
the waveform design and fulfilling performance criteria of both communications and
Radar functionalities. The two technologies can coexist in various ways as explained
next.

1.5 Using Same Frequency Spectrum

In this method, transmitters of Radar and communication operate in the same
frequency band. An integrated design of Radar waveforms and codebook of commu-
nication system is developed tomaintain the performance criterion of both coexisting
systems [16]. In order to minimize mutual interference, transmit waveforms are opti-
mized which will increase the signal to interference and noise ratio (SINR) at each
receiver. Another method to minimize interference, is done at the Rx by exchanging
channel response and SINR with the transmitter, to maintain maximum SINR for
both Radar and communication receivers [18].
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1.6 Coexistence Using Cognitive Characteristics Page

In this case, either Radar or communication is prioritized and pilot signals are used
for channel state estimation and feedback this information to the subsystems [12].
Algorithms having lower computational complexities are required to design cognitive
waveforms. Machine learning is beneficial to learn about the frequency spectrum,
determining underused spectrum and using it [18]. This can also help to classify
Radar targets, recognize automatic waveform and antenna characteristics.

1.7 Coexistence by Sharing Same Hardware

No spectrum sharing is done for this joint Radar communication system. This is
mainly based on different methods of information embedding into Radar waveforms
and communicationwaveformsperformingRadar functions. Embedding information
into Radar waveforms include methods like phase modulation based or, amplitude
modulation based [16, 19]. Communication waveforms can also be used to perform
Radar functionalities. The 802.11ad standard adopted for 5G wireless systems and
millimetrewaves in 28 and 60GHzbandwidths can be utilized forRadar applications.

1.8 Dual Function Radar Communication Systems (DFRC)

In this co-design method, the two subsystems share the same hardware resources
and same spectrum. So this system performs Radar and communication functions
with common transmit and receive units, same bandwidth and joint dual-function
waveforms [20]. DFRC can be useful in autonomous vehicles that need to obtain
information of a rapidly changing scenario.

In Fig. 2 [21], the Blue coloured source vehicle transmits 6G signal to the pink
coloured target vehicle. The target echo generated is used by source vehicle to derive
the range, velocity and angular position of the target vehicle. Also, it shows that
vehicle-to-everything (V2X) communication is an enabler for integrated Radar and
communication. This V2X denotes 6G communication between source vehicle and
other vehicles, or pedestrians or roadside units.
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Fig. 2 A 6G Integrated Radar and Communication (IRC) system on Vehicle where the system is
sensing and Communicating at the same time and at the same frequency

1.9 Formulation of Research Works by the Author

With the above reviews on recent trends on 6G based next generation mobile cellular
networks and associated technologies towards a smarter world and vertical indus-
tries, the author and his group members are highly motivated and engaged in indige-
nous system development ranging from 10 to 140 GHz operational radio frequency,
financially supported by Govt. of India since the year 1988. The Radio system devel-
opment includes (i) Communication systems (ii) Radars (iii) Radiometers and is
really a challenging activity so far a developing country like India is concerned.
Present use cases of the above systems are 5G-6G-IoT applications for industrial
IoT, Autonomous Electric Vehicles with 5G/6G and automotive radar and other areas
of remote sensing. Further, they are working towards the upgradation of the above
systems to 220 GHz and Terahertz region to cater for new use cases in 6G area. The
above activities are similar to NYUWIRELESS activities [22]. NYUWIRELESS is
a leading research centre that is pursuing 6G wireless and beyond with cutting edge
work in propagation measurement and modelling above 95 GHz.

2 Sub-Terahertz Over the Air (OTA) Test Bed

The author is further motivated by the above 6G_IRC system mounted within the
smart vehicle where their research works on (i) Communication system, (ii) Radar
may be integrated into an autonomous vehicle as shown in Fig. 2. Presently, they are
intended to develop the ‘sub-terahertz over the air (OTA) test bed using 140 GHz
radio’ and utilize the same for the use cases as depicted in Fig. 3.

Therefore, the Chapter is organized as follows. The present status of 6G wireless,
radar and integrated radar and communication with both millimetre wave and sub



106 R. Bera

Fig. 3 Author’s Triangular use cases of 6G TEST BED using 140 GHz radio

terahertz wave radio is reviewed in the introductory article 1. The author and his
team members both at University of Calcutta as well as Sikkim Manipal University
are fully engaged in ‘Millimetre wave and Sub Terahertz wave propagation studies
and system development’ since the year 1988 onwards. This will be detailed in
article 2. Sub article 2.1 will discuss Generic Sub-Terahertz Ove The Air (OTA)
Test bed for 6G mobile communication use cases and radar based sensing uses. The
hardware architecture will be discussed along with the test bed photos. The Use
cases of the Test Bed will be discussed in sub article 2.2. The four specific problems
are highlighted and as solution, four experiments are conducted using the Test Bed
which are tabulated in Table 1. Sub article 2.3–2.6will elaborate the four experiments
conducted. Finally, the chapter will be concluded in article 3.

2.1 Architecture of the Test Bed

The Author’s test bed as shown in Fig. 4a consists of a mixed signal generator MXG
N5182 (Mixed signal Generator). This is used to produce a wideband IF cantered
at 2 GHz with a modulation occupied bandwidth of approximately 120 MHz MXG
composed of (i) Digital section (ii) Analog RF section up to frequency of 3 GHz.
The Digital section is fully programmable using Keysight Systemvue software and
any waveform of choice like FBMC, CP-OFDM communication waveform and also
PMCW radar waveform can be easily generated. One D-Band up converter is used
for up conversion of 2 GHz IF to RF, converting to a RF frequency range at 140 GHz.
The Local Oscillator is produced by another vector signal generator set at 23 GHz.
The 23 GHz LO is multiplied by a factor of 6–138 GHz, so we have a 2 GHz IF
coming in. It’s beingmixedwith a 138GHzLO to produce an up converted product at
140 GHz. It is amplified and filtered using an amplifier and filter and then transmitted
over the air with a horn antenna.

The transmitted signal is picked up by another horn antenna on the receive side.
It is down converted back down to an IF using a down converter. The IF is then
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fed into a Vector signal analyzer for reception and analysis of the received signal.
The IF signal is digitized, analyzed and demodulated using Keysight Vector Signal
Analysis software 89600. We have the 128 QAM received constellation diagram and
extremely wide bandwidth of 120 MHz measured on VSA using over the air mode
of more than 10 m distance. Lots of further challenges like source power, power
amplifier, smart antenna, LNA and remedy to avoid propagation loss are involved
for the increase of the distance. The Photograph of the Test Bed is shown in Fig. 4b, c,
d, where Indoor Unit (IDU), Outdoor Unit 1 (ODU_1) and Outdoor Unit 2 (ODU_2)
are shown separately.

The IDU part can be integrated inside an autonomous vehicle thus behaves as
GREEN VEHICLE EMULATOR as shown in Fig. 4b. A metallic flat plate as the
part of ODU_1 unit as in Fig. 4cwill behave as RedVehicle EMULATOR asRADAR
target on road.Also placing another Communication Terminal asODU_2will behave
as RSU (Roadside Unit) 6G V2X communicator (Fig. 4d). To achieve this future
ultimate objective of 6G IRC mode of operation, the initial present work is mainly
focussed on only (i) 6G RADARmode (ii) 6GCommunication mode separately with
future extension to 6G_IRC (Integrated Radar Communication).

2.2 Use Cases of the Test Bed

Presently, the test bed is intended to be used for three use cases as mentioned in Fig. 2
namely.

(i) USE CASE 1: 6G radar for security body scan and autonomous vehicle
(ii) USE CASE 2: 6G radar for smoke/fog sensing
(iii) USE CASE 3: 6G MBRLLC (Mobile Broad Band Low Latency Communi-

cation).

All the above use cases are experimented by the author either in simulation or
in actual hardware emulation as discussed in detail in subsequent articles. Those
experiments are conducted to solve the following highlighted problem. The problems
and the solutions are tabulated in Table 2.

2.3 Hardware Experiment EXP 1 Using 6G Radar Test Bed
for Motion Detection

Vibration Analysis and Target Identification using 140 GHz Radar: Recently,
TeraSense launched a product ‘Terahertz security body scanner’ [23] for effective
body scanning for any hiddenmetallic objects like bomb, hand rifles and otherswhich
is too useful in airport entry security zone. While passing through the security area
havingmotion of human, the doppler spectrum ismore useful in analyzing the hidden
metal within the body. In effect, it is a vibration analysis using Sub-Terahertz system.
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Fig. 4 a Generic Block Diagram of 140 GHz Test Bed to be used as ‘RADAR or 6G Communi-
cator’. b Indoor Unit (IDU) of the Test Bed with 140 GHz TRANCEIVER EMULATING ‘GREEN
VEHICLE with 6G RADAR’ on road of Fig. 2. c Outdoor Unit 1 (ODU_1) of the Test Bed with a
FLAT Metal Plate EMULATING ‘RED VEHICLE’ on road of Fig. 2. d Outdoor Unit 2 (ODU_2)
of the Test Bed with another 140 GHz Radio EMULATING ‘RSU … Road Side Unit’ on road of
Fig. 2
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Table 2 The problems and the solutions utilizing author’s Test BED

Problems Solution Remarks

Problem1: security body scan of
a Human passing across the
Security Zone of an airport for
motion detection

USE CASE 1: 6G radar for
motion detection

Hardware experiment EXP 1
conducted at Author’s
premises using the test bed

Problem2: use of 6G radar in
autonomous vehicle for road
vehicle detection

USE CASE 1: 6G radar for
road vehicle detection

Simulation experiment EXP 2
is conducted using Systemvue
software

Problem3: use of 6G radar for
smoke/fog sensing

USE CASE 2: 6G radar for
smoke/fog sensing

Hardware experiment EXP 3
conducted at Author’s
premises using the test bed

Problem4: use of 6G MBRLLC USE CASE 3: 6G MBRLLC Simulation experiment EXP 4
is conducted using Systemvue
software

A similar experiment is also conducted by the author to emulate a metal detection
and also its vibration analysis using 140 GHz radar. Figure 5a is the time domain
behaviour of the backscatter signal from the metal scale when a 12 inch STEEL
scale is vibrating only once in front of 140 GHz radar. A symmetry centred around
the STATIC Position of the metallic scale with diminishing amplitude in received
waveform is noticed as the scale was vibrated only once. The Metallic Steel scale is
detected easily by the radar and vibration analysis is computed over the received data.
Both the time and frequency domain plots are shown. With proper calibration, the
size (RCS) of themetal scale can bemeasured accurately. The frequency domain plot
gives the vibration frequency of the motion very accurately. Thus, using vibration
analysis with proper calibration of the radar return, the exact metal is hidden within
the body of a human while passing through the security area of the airport can be
easily located.

2.4 Simulation Experiment (EXP 2) Using 6G Radar Test
Bed for Road Vehicle Detection

Phased MIMO Automotive Radar: In line up with success story of autonomous
driving of google self driving car, SAE (Society of Automotive Engineers, a stan-
dardization body) has formulated 6 levels of driving automation. This autonomy in
driving is being realized using different kinds of sensors like radar, lidar, camera
and others. Radar specifically the mm-wave radars plays one of the major roles in
such sensing activities. The 76–81 GHZ RF frequency is being used by Short range
radar at present and putting four such MIMO radars at the four corners of the vehicle
will help a lot in avoiding collision between road vehicles. In effect, the vehicle is
protected by a radiation shield surrounding it. The radars will measure the distance
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Fig. 5 a Doppler Effects in Time domain on 140 GHz Radar return for Vibration Analysis of a 12
inch STEEL Scale with gradually diminishing amplitude. b Doppler Effects in Frequency domain
on 140 GHz Radar return for Vibration Analysis

of separation between the vehicles and their velocities and also angular orientation.
Those measurements will help vehicle to decide its control activities through the
Actuators. So, here is the huge requirements of MIMO radars for autonomous vehi-
cles and also SoC (System on Chip) for MIMO radars for performance improvement
and lowering the cost of radars [24]. Successful attempts to develop SoC towards
a 2 × 2 MIMO short range radar for autonomous vehicles are there and soon will
be available commercially [25]. Those radars are governed by the following two
formulae:

SNR at the radar receiver for SISO case for a target vehicle having radar cross
section σ at distance R is given by

SNR(SISO) = PTX · GTX · GRX · GP · λ2 · σ/((4π)3 · R4 · kB · T · BN
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· NFRX · LTX · LRX), (1)

where the variables are their usual meaning as per standard radar range equation. For
the MIMO case when NTX and NRX are the number of transmitters and receivers,
Eq. 1 will be modified as,

SNR(MIMO) = SNR(SISO) · NTX · NRX. (2)

Problem Definition: Definition: 360° sensing from a vehicle for autonomous driving
on road enabling safety cocoon.

Solution Strategy: MIMO radar sensors are to be put to have full coverage of 360°
electromagnetic radiation and shielding of the vehicle.

Objective:

• Simulation of Automotive 4 * 4MIMORadar based on PMCW (PhaseModulated
Continuous Wave) waveform at 140 GHz.

• The range and velocity of target vehicles will be measured.

Detailed Methodology: Keysight Systemvue is an electronic design automation
(EDA) environment for electronic system-level (ESL) design which is used by the
designer both for simulation as well as emulation of electronic systems like 5G/6G
communication system, WiFi systems, Satellite systems, radar systems and others.
The Systemvue software is a part of the Author’s Test Bed at 140 GHz. Its Library
is enriched with parts that are ‘drag and drop’ into the workspace. The simulation
model is required to be built on the workspace which is composed of several parts
and their interconnection. After proper selection of the parameters of the workspace
variables, the model can be run for analysis. The different performances of the radar
system like target range and velocity measurement, multiple target detection using
CFAR algorithm can be measured and displayed on 2D/3D graphs for visualization.
Following the above approach, this particular model is built up as shown in the Fig. 6.

Workspace Description of the Simulation Mode: This model is based on typical
3-layer radar simulation architecture. The baseband waveform design is based on
PMCW,with 4 Tx channels modulated by different codes defined by Pseudo-random
coding. The aim is to realize radar in complicated interference scenarios. With 4 Rx
channels, the range and velocity of two target vehicles are conducted.

Results: Coded MIMO radar is too useful for improving radar performances.
Transmit code of 140 GHz MIMO radar is recorded and is shown in Fig. 7. Two
targets on road are detected using CFAR algorithm. Target range and velocity are
measured using 140 GHz MIMO radar and is plotted and also shown in Fig. 8.
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Fig. 6 Systemvue simulation model of 140 GHz MIMO radar

Fig. 7 Transmit code of 140 GHz MIMO radar

2.5 Hardware Experiment (EXP 3) for Gas, Smoke and Fog
Detection Using 140 GHz Radar Test Bed

Millimetrewave andTerahertzwaves are also best usable in sensing for (i) Air quality
detection [26], (ii) Personal health monitoring system [27], (iii) Gesture detection
and touchless smartphones [28], (iv) Explosive detection and gas sensing [29].

Exploiting, the wavelength of the sub terahertz 140 GHz radio with wavelength
comparable to fog particle size, the fog and smoke detection is highly efficient and
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Fig. 8 Target range and velocity detection of two vehicles on road using 140 GHz MIMO radar

useful for 140 GHz radar. With the same motivation, author has conducted experi-
ments to detect the integrated fog/smoke of the atmosphere using the same radar set
up at 140 GHz. This is a new innovation by the author as earlier they evolved radio
systems having frequencies up to 100 GHz and fog detection was too inefficient by
radio with frequency less than 100 GHz. The Author’s Generic Test Bed configured
for 140 GHz radar in BISTATIC RADAR mode which transmits 140 GHz radia-
tion into the atmosphere and back scatter signal from atmospheric fog/smoke was
received by 140 GHz receiver during winter. The variation of fog/smoke intensity
was recorded as shown in Fig. 9 and the recorded pattern has five interesting regions

Fig. 9 Fog/Smoke detection using 140 GHz Radar
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Table 3 Recorded Fog/SMOKE events detected by 140 GHz Radar

Regions with voltage
variation (mV)

Local Time
(hr:min:sec)

Types of response Remarks

Region 1: 36 to 41 17:18 to
17:18:22
[11 smallest
division]

Gradually increasing
during Build-up stages of
Fog

FAST rise in FOG
density

Region 2: 37 17:18:22 to
17:18:50
[14 smallest
division]

Steady value (i) Value almost
constant at 37 mV
(ii) SLOW rise in
FOG density

Region 3: 37 to 42 with
ripples

17:18:50 to
17:19:22
[16 smallest
division]

Gradually increasing
during Build-up stages of
Fog

FAST rise in FOG
density

Region 4: 38 to 38.5
with ripple

17:19:22 to
17:19:42
[10 smallest
division]

Gradually increasing
during Build-up stages of
Fog

SLOW rise in FOG
density

Region 5: 38 to 42.5 17:19:42 to
17:20:00
[9 smallest
division]

Gradually increasing
during Build-up stages of
Fog

FAST rise in FOG
density

of operation during building up of Smoke/Fog at winter evening. The result is also
tabulated in Table 3.

The same experiment is also useful in detecting any extraneous gas in a factory
environment and IOTbased control activities can be easily implemented after sensing
such gases, thus ensuring SAFETY operation.

2.6 Simulation Experiment EXP 4: 140 GHz Radio
Communication Test Bed

Qualcomm Approach of 5G based MIMO COMP Diversity in solving blockage by
metals in the production line of a Smart Factory: In the production line of a smart
factory, the manufacturing processes are fully automated with the use of AI enabled
edge servers and PLCs which are often connected wirelessly to the edge devices
used to automate the process as shown in Fig. 11. Problem of radio signal blockage
is very common due tomovement ofmaterial handling vehicles creating impairments
to the radio signal and reducing the reliability of the process. Qualcomm recently
demonstrated a smart factory with 5G URLLC support where ultra reliability of
99.99% is achieved using COMP basedMIMO diversity as shown in Fig. 10. COMP
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Fig. 10 5G URLLC system demo for SMART FACTORY (Courtesy QUALCOMM)

based MIMO diversity is the redundancy at the radio level and is used to solve the
problem with 5G waveform.

Aspart ofQualcommresearch and standardization, theyhavebuild liberal industry
production lines involved the warehouses in San Diego whose architecture is shown
in Fig. 11. Their little production line including a conveyor belt and cup of major
components and right-hand side cameras taking all imagery and send it back to AI
vision Centre. The vision Centre then analyzed what’s going on and stand back in
the direction of PLC which is to remotely control the behavioural robots and gates
in a very precise time manner. Out of many objects moving over Conveyor belt, their
objective was howmany of the objects had been detected and howmany objects have
been missed.

Turn on focus to reliability one of the radio technology they are using in a demo is
called quality multi point or COMP where one device is communicating to multiple
points. It is very common in industry set up environments having a lot of metal
structures either fixed or moving and when certain radio link pass gets blocked. The
radio quality would be great and that is where the benefit of COMP comes in. In their
set up, even though radio signal from one direction gets blocked there still signals

Fig. 11 SIMULATION diagram of a 6G based MIMO COMP Diversity using 140 GHz RF carrier
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coming from other direction creates redundancy as high as 99.9999% thus ensures
reliable communications.

Author’s approach of 6GbasedMIMOCOMPDiversity in solving signal blockage
problem bymetallic body of amaterial handling vehicle in a smart factory production
line: Similar problem of radio signal blockage in a smart factory environment is
also considered by the author. One 140 GHz radio link is simulated by the author
for COMP based MIMO diversity towards solution to the problem of radio signal
blockage due to movement of material handling vehicles at the smart factory. The
author has also worked on a similar problem using 6G based FBMC waveforms and
special MIMO diversity where instead of repeating the systems at four places as in
Fig. 11, dual polarized antenna integrated within one unit at 140 GHz radio carrier
will be useful. Thus the use of dual polarized antenna along with FBMC waveform
will help in reducing the cost and space saving and integrated to a single unit instead of
four different radio unit placed at four spatially separated points. Author has evolved
a Simulation model ‘6G MIMO diversity towards a solution to the problem of radio
signal blockage due to movement of material handling vehicles at the smart factory
using 140 GHz radio communication test bed. They are able to transmit both Video,
Audio and Data through this model and receive the same with negligible distortion.

Problem Definition: problem of radio signal blockage in a smart factory environ-
ment with reducing reliability in automation process and degrading the performance.

Solution Strategy: 6G based FBMC waveform and special MIMO diversity with
dual polarized 2X2 antenna with antenna beam formation.

Objective: Simulation of a Multimedia FBMC based 6G URLLC sub terahertz
Link at 140 GHz.

Detailed Methodology: Keysight Systemvue software is again used in this model
also and is a part of theAuthor’sTestBed at 140GHz. ItsLibrary is enrichedwith parts
that are ‘drag and drop’ into the workspace. The simulation model is required to be
built on the workspace which is composed of several parts and their interconnection.
After proper selection of the parameters of the workspace variables, the model can
be run for analysis. The different performances of the system like BER, Throughput,
etc. can be measured and displayed on 2D/3D graphs for visualization.

Following the above approach, this particular model is built up by the author
where the following Major parts list are being used:-

• Information Sources: Audio/Video (TV Video Pattern) and Data
• Modulation waveform: CP-OFDM and FBMC
• RF carrier: 140 GHz
• Antenna: MIMO (2X2) for Diversity reception and COMP realization and

Antenna Beam formation [BF MRC Polarized Diversity Use case]
• Radio Channel: radio signal blockage due to movement of material handling

vehicles at the smart factory with short distant communication with maximum
distance 10 m

• Solution related to radio channel blockage: MIMO DIVERSITY reception with
MRC (Maximum Ratio Combining)

• SMART ANTENNA Algorithm: Switched Beam
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• Use Cases: This model is a solution towards the problem of radio signal blockage
against movement of vehicle inside the production floor within a Factory.

Systemvue Modelling of 6G based MIMO COMP Diversity using 140 GHz RF
carrier is shown in Fig. 11.

Workspace Description of the Simulation Model (MIMO 2 × 2 BF MRC Polar-
ized Diversity Case is included in above design): In the schematic, green part handles
signals for the first polarization and pink part handles signals for the second polar-
ization. Information pertinent to polarization is included in MIMO_3D Channel
Configuration section.

Below are the details of these designs.

MIMO 2X2 Beamfoming Polarized case

• In this case, dual-polarized antenna arrays are deployed in both TX and RX
sides. Only one channel direction is modelled in the 3D channel model and
two streams of the MIMO transmission are transmitted in two polarizations with
NumTxRFChains = 2 per polarization respectively.

• Four RF chains are deployed in TX side. Two are for one polarization and the
other two are for the other polarization. One RF in the two RFs for whichever
polarization is used for data transmission and theother one is for SSB transmission.

• Four RF chains (NumRxRFChains= 2) per polarization are also deployed in RX
side. Two are for one polarization and the other two are for the other polarization,
just as same as the deployment in TX side. Similar, regarding two RFs in RX
side for one polarization, one is for data receiving and the other one is for SSB
receiving.

• The channel is set up with only one path and is configured to Dual Polarized mode
to accommodate 2 × 2 MIMO transmission.

• The following smart antenna parameters are set

TxThetaTable = [90;90;90;90]/180 * pi;
TxPhiTable = [60;20;340;300]/180 * pi;
RxThetaTable = [30;30;30;30]/180 * pi;
RxPhiTable = [60;20;340;300]/180 * pi;
NumTxAnts = 8; % per polarization for TX
NumRxAnts_x = 2; % per polarization for RX
NumRxAnts_y = 2; % per polarization for RX
NumRxAnts = NumRxAnts_x + NumRxAnts_y; % per polarization for RX.

• The channel is set up with only one path and is configured to Dual Polarized
mode to accommodate 2 × 2 MIMO transmission. The 1-layer signal is demod-
ulated upon signals from two polarizations by MRC algorithm in the Equalizer.
Throughput curves are obtained based on MRC, branch #1 and branch #2 respec-
tively, where MRC outperforms receiving only on branch #1 or branch #2 by
3 dB.

Procedure of Smart antenna Beam acquisition and Beam Locking: Smart antennas
are in use for 6G communication using sub Terahertz waves. The performance of 6G
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communication will be superb with the use of massive MIMO based smart antenna.
But, in turn, it will increase the complexity in signal processing for smart antenna
operation. The following three step procedure is mandatory for 6G MIMO beam
formation application:

Procedure 1: Smart antenna Beam acquisition.
Procedure 2: Smart antenna Beam acquisition and Beam Locking.
Procedure 3: Data Communication over 6G radio.
Figure 12 pictorially depicts Smart antenna Beam acquisition and Beam Locking

procedures.
Figure 12 is showing multiple simultaneous antenna beams (four has been shown

in the figure as an example) will be radiated from the 6G base station. The 6G UE
will receive radiated energy from all the beams and in turn, receiver will measure
the beam powers of ALL the beams. The receiver will notify about the measured
beam state information to the 6G base station through uplink (Procedure 1) and the
base station will pass user data over this beam which has the maximum beam Index
(Procedure 2). Thus, receiver will be locked to this beam having maximum energy
of radiation and receive the data (Procedure 3). The simulated result from the above
model following the above procedures is plotted and shown in Fig. 13. Themaximum
value measured from Beam with index 3 is also shown in Fig. 13.

Further Experimental Results: Two MIMO diversity Branches are modelled
within the receiver. Thus the receiver in the above model is a diversity reception
system having Branch 1 and 2 and also MRC (Maximum Ratio Combining algo-
rithm) is implemented. The throughput is measured and plotted with variation of
SNR as shown in Fig. 14. Three plots are shown and Throughput improvement at
low SNR is noticed in the figure.

Finally, at the last step, Video pattern from a Video source is transmitted over the
said 6G link and received successfully at the 6G receiver as shown in Fig. 15.

Thus, the 6G Communication model with (i) Video source, (ii) FBMCwaveform,
(iii) RF carrier using 140 GHz, (iv) MIMO Dual polarized SMART antenna with
beam formation, (v) Diversity reception with MRC algorithm is successfully simu-
lated using Systemvue software platform. Author is further motivated to extend the
work for its actual hardware implementation and trials in a Smart Factory and test the

Fig. 12 Smart antenna Beam acquisition and Beam Locking procedure
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Fig. 13 Smart antenna Beam acquisition and Beam Locking result

Fig. 14 SNR improvement using MRC based signal processing within the receiver

reliability of the said link. Further, the authors are working towards the upgradation
of the above systems to 220 GHz and Terahertz region to cater for new use cases in
6G area.

3 Summary

The recent literatures are reviewed thoroughly towards forthcoming 6G mobile and
Radar uses of Sub-Terahertz waves. Overall technological challenges are discussed
to formulate the research direction set by the author. 6G physical layer technologies
are compared with reference to 5G physical layer technologies. FBMC waveform
is becoming mandatory for 6G operation instead of CP-OFDM used by 5G. Simi-
larly, by placing 4 MIMO radars at the four corners of a vehicle, an electromagnetic
shield is surrounded around the vehicle. With continuous monitoring by radar signal
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Fig. 15 Excellent Video Pattern Reception at the 6G receiver

processing, any disturbances of the EM shield are noticed and actions towards colli-
sion avoidance are initiated. This will be best possible with D Band (110–170 GHz)
Sub -terahertz radio. The author has simulated the same and results are highlighted.
140 GHz is also too useful in detecting weapon inside the jacket of a human while
passing through the security zone of an airport. A similar situation is experimented
by the author at their 140 GHZ test bed and vibration is detected by measuring the
Doppler from a vibrating metal scale in front of 140 GHz radar.

In further experiments, they have detected fog in the atmosphere in the winter
season and the growth status of the fog is noticed and reported using 140 GHz radar.
In the fourth experiment for the communication use cases of the author’s test bed,
the model is developed exploiting FBMCwaveform, Video Sources, 140 GHz radio,
dual polarized smart antenna with switched beam and MRC combining for radio
detection under the blockage condition of the radio in smart factory environment,
thus improving the reliability of communication to a great extent. Thus, the generic
140 GHz test bed developed by the author is tested for four specific use cases as
mentioned in the chapter and they have successfully experimented in solving specific
problems as mentioned. With this success, the author is extending their test bed
towards higher RF frequency of 220 GHz and above.
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THz Image Processing and Its
Applications

Bidyut Kumar Kundu and Pragti

Abstract This chapter labels the recent advances of terahertz (THz or 1012 Hz)
technology-based image processing and its applications. In short, the sandwiched
regime between infrared and microwaves, bridging the gap amid optics and elec-
tronics is renowned as the THz. THz image processing deals with the interaction
of matters in the sub-millimetre wavelength band (ca. 300 GHz to 3 THz) of a
distinct electromagnetic spectrum indistinguishable from the other spectroscopic
techniques. The THz regime also known as the “THz gap” for a long time as neither
microwave nor optical devices could entirely subjugator this mysterious realm with
its countless unseen scientific assets. Thus, the discovery of THz imaging tech-
niques becomes successful to fill the gap. In general, the traditional THz technology
can simultaneously acquire both image and spectral information to address various
fields such as security, aerospace industries, medicine, materials science, biomed-
ical imaging and others. The development and commercialization of THz imaging
systems are now broadly accepted as the accessible alternative roots, such as elec-
tron lasers, Smith-Pur-cell emitters, backward wave oscillators, synchrotrons, are
relatively expensive components. Therefore, THz image processing tries to find
the solution through its generation, manipulation and detection of THz radiation to
expand its usability as check-up tool for various imaging applications. For example,
higher sensitivity of THz wave is convenient to investigate the specific behaviour of
bio-molecules. In addition, advanced digital image processing algorithms in asso-
ciation with THz pulsed imaging (TPI) are effective for screening, diagnosis and
treatment to examine the 3D structures of biological samples like cancer tumours.
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Apart from that, THz spectrum might not only impact wireless network architec-
tures (e.g. WLAN/WPAN/D2D) or security screening but also in aerospace indus-
tries using diode detectors through non-ionizing radiation. In contrast to X-rays,
THz wave is completely harmless that can pass through clothing, objects and pack-
ages to recognize the inside materials and substances. At a glance, THz imaging
along with detection technology contributes to identify opaque objects with clear
borders, shaping this book a must-read for anybody in the arena of digital imaging
and biomedical engineering.

Keywords THz spectroscopy · THz technology · THz image processing · THz
applications

1 Introduction

In the recent decade, Terahertz science has progressively common day by day owing
to the most part to the arrival of ultrashort-pulse optical device based time-domain
spectroscopic analysis (TDS), that permits it conceivable for researchers to convey
time-resolved “far-infrared” (FIR) lessons and to get spectroscopic analysis and their
applications in the field of imaging and image processing within the sub-millimetre
wavelength range (Fig. 1) [1, 2].

The development and commercialization ofTHz imaging systems are nowbroadly
accepted as the accessible alternative roots, such as electron lasers, Smith-Pur-cell
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emitters, backward wave oscillators, synchrotrons, are relatively expensive compo-
nents. Therefore, THz image processing tries to find the solution through its genera-
tion, manipulation and detection of THz radiation to expand its usability as check-up
tool for various imaging applications.

Terahertz event surveys fundamental scientific benefits. Introduction of THz
imaging systems can provide the answer to many spectroscopic limitations. The
general objectives of this chapter are to assess the elementary theories of diverse
kinds of THz foundations and detectors that are now thoughtful with THz radi-
ation. The terahertz investigations are essential to be considered to accompanying
crucial information. Thus, keeping inmind the growing interest in THz spectroscopy,
this chapter will be sequenced as follows: Sect. 2 describes the background of THz
spectroscopy. Sect. 3 briefly introduces Terahertz technology followed by THz image
processing in the Sect. 4. Thiswill follow upwith THz technology-based applications
in Sect. 5 that will be followed by conclusion in Sect. 6.

2 THz Spectroscopy

Terahertz wave is very sensitive to bio-molecules in the sub-millimetre wavelength
band (ca. 300 GHz to 3 THz) [3], which offer several crucial medical applications.
Moreover, the pulses of electromagnetic wave with an average power of 100 nW
and a full-width half-maximum of 0.3 ps generally used for terahertz pulsed imaging
(TPI) [4]. Fourier-transformed pulse or a photoconductive device can be convenient
to coherently detect the pulses that provide a working frequency regime of 0.1–3.0
Terahertz [5]. While various methods like x-ray and ultrasound are failed to provide
unique spectral information, terahertz imaging can be a proper solution furnishing a
key advantage that is found that can possibly be employed to differentiate between
the types of tissue [6]. The spectroscopic data may also be helpful for pharmaceutical
applications—THz spectrographic analysis is ready to tell apart among polymorphic
varieties of medicines. In fact, carbamazepine, a drug on the whole operated to deal
with sufferers having psychological syndromes, transforms from shape III to shape
I in a temperature-based method [7] (Fig. 2).

Terahertz radiations are non-invasive, penetrable and non-ionizing to numerous
objects with a complexity of diffusion inferior to that of microwave radiation. THz
spectra additionally tend to be terribly sensitive to numerous forms of resonances
such as torsional, rotational, translational, vibrational and conformational states,
empowering it to offer details on compounds, which are unapproachable with other
imaging and analytical procedures (Fig. 3). These precise traits lead them to be appro-
priate for recognizing, analyzing, or imaging numerous materials. Despite Infrared
and Raman spectroscopy, the improvement of strategies for generating, manipulating
and detecting THz waves remains in its primary phases. However, THz wave was
believed appropriate for image processing and other implementations, technologies
to connect such competencies were realistically non-staying. On the other, the high
frequency of terahertz cannot be estimated by an electronic counter used to record
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Fig. 2 The THz scale based on the electromagnetic spectrum, with pictures featuring the large
assortment of materials, molecules and phenomena, which THz spectroscopy can explore. Some
examples of this kind are nano-materials and correlated electron materials; the charge carrier
dynamics in semiconductors, hydration of solutes and liberational fashions in water and other
liquids; and cooperative approaches in amino acid crystals and proteins. Reprinted with permission
from [8]

optical radiations. Instead, different properties of wavelength and energy are used
to characterize THz spectra. Significant advances in terahertz technology have led
to more and more types of terahertz devices for different applications appearing for
commercialization. This chapter introduces the use of THz image processing and the
application of THz spectroscopy.

3 THz Technology

Although there is no precisely defined terahertz range, the accepted terahertz range
is 300 to 3 GHz [3]. This parallels to wavelengths of 100 µm to 1 mm. This is a
relatively unknown part of the electromagnetic spectrum called the “terahertz gap”.
Until recently, this gap was mainly due to the lack of light source and detector
technology. Electromagnetic radiation (EM)with a wavelength longer than terahertz,
antenna and waveguide tools can be presented for many years. Whereas for the
wavelengths shorter than THz, optoelectronic and optical technologies have been
applied for decades. These two technologies must be transported together to capture
and study the THz regime, also stated as the far-infrared region.

THz radiation synthesis has been made conceivable by the advancement of three
different strategies. These are:

1. Direct emission from far-infrared incoherent sources.
2. Up-conversion to terahertz frequencies from microwave frequencies [9].
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Fig. 3 Characteristic
transmission spectrometer
flowchart of arrangements
for a THz-TDS with
photoconductive antennas
and b TRTS with
electro-optic production and
recognition. Reprinted with
permission from [8]

3. Coherent lasers down-conversion functioning in the adjacent IR to the THz band
[10].

Figure 2 represents the THz-TDS in association to photoconductive antennas
having characteristic transmission spectrometer configurations for TRTS generation
and detection.
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Fig. 4 Counterparts for THz
image processing
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4 THz Image Processing

The components required for fruitful development of THz imaging is summarized in
Fig. 4. It comprises the convergence of three units: electronics, photonics and signal
processing.

Undoubtedly a portion of exertion has been devoted in the areas of electronics and
photonics through the progress of production and identification technologies. Signal
processing of THz data is the part that is least established [11]. Following are the
main outcomes of this assignment, in this favour of THz spectroscopic imaging:

1. For significant development in THz image processing or THz imaging the
key signal processing subjects that prerequisite to be talked about have been
recognized and prospective lines of examination have been projected.

2. Introductory mathematical simulation and formulation outcomes have been
gained for signal processing difficulties in Terahertz image modernization.

Moreover, in the typical working range of 0.3–5 THz, focal plane detector arrays
are not yet accessible [12]. Antenna array mediated imaging by means of signal
processing techniques is thus of great fit. Researchers establishedmathematical equa-
tions and primary explanations for complementary interferometric imagemoderniza-
tion complications with antenna arrays [13]. Using MATLAB phantoms, computer
simulations have also been achieved for tomographic renovation of complex-valued
predictions.

5 THz Technology Applications

The aforesaid idiosyncratic competencies of terahertz radiations have been subju-
gated in a spare of applications in imaging and sensing. In general, THz wave appli-
cations are exploited in diverse areas including spectroscopy, photovoltaics, phar-
macy, quality assurance, dentistry, medicine, communication, security screening and
astronomy as depicted in Fig. 5.
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Fig. 5 Applications of THz image processing. Reprinted with permission from ref [14]

5.1 THz Technology in Spectroscopic Analysis

Spectroscopic characterization of numerousmaterials can be analyzed by using Tera-
hertz radiation. The characterization of various compounds has been exploited by
introducing the sensitivity and resonances effect of terahertz radiation in different
molecules. Moreover, intra-molecular connections can be investigated with the help
of Fourier transform infrared (FTIR) spectroscopic techniques but THz probes are
exclusive in the intelligence that they probe the intermolecular and intra-molecular
interactions and deliver characteristic information of material. In a recent report,
terahertz time-domain spectroscopy of 1,3,5-trinitro-s-triazine has been studied
by Huang et al. which displayed an absorption peak at 0.8 THz accountable to
intermolecular accomplishment [15].

In addition, infrared spectroscopy (FTIR)was introduced to corroborate the results
with THz study, which was approved by the same researcher for assessment [15].
Using terahertz time-domain spectroscopy, the spectral topographies of uric acid and
glucose has been investigated Upadhya et al. The results show that the absorption
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spectra of the two organic molecules were having unique features as a consequence
of the intermolecular vibrational modes present in the compounds [16]. The spectral
absorption topographies of a well-acknowledged illicit drug viz. methamphetamine
has also been applied to study by Terahertz spectroscopy. Absorption spectra were
traced to the cooperative vibrational modes estimated in the range of 0.2–2.6 THz
corroborated with the experimental outcome of the molecule. Similarly, the investi-
gation of time-domain THz spectroscopic measurement of 2,4-dinitrotoluene exper-
imented for the same molecule in parallel with FTIR recording, which disclosed
an improved association of outcomes of two procedures at lower frequencies range
than at longer frequencies. The consequence gained experimentally interrelated well
with theoretical analysis displaying that THz spectroscopy is an influential tool
for perusing the low frequency modes of various molecules [17]. Apart from that,
terahertz spectroscopy has been used to estimate some other compounds such as
tryptophan [18] and trialanine, short-chain polypeptides [19].

Besides, the infrared spectra based on protein (bovine serum albumin, BSA)-
complex interaction has been reported in one of our recent reports [20]. Though the
information was not corroborated with THz spectral analysis. But, in a report, ampli-
tude transmittance spectra of native-conformation and thermally denatured BSA
protein interpreted using a THz-TDS system (Fig. 6).

Fig. 6 Applications to protein (here BSA) conformational analysis using a THz-TDS system. A
standard sample with the solid curve shows THz transmittance without BSA, that of thermally
denatured is denoted by open circles and the native conformation of BSA signified with solid
circles. Reprinted with permission from ref [8]
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5.2 THz Technology in Quality Control (QC)

The character of quality checks in the industry cannot be exaggerated and many
methods and techniques are always being sight seen for use in the quality control
of countless products. The analysis and characterization of numerous products can
be done with the help of a powerful tool viz. THz time-domain spectroscopy. The
assessment of several polymeric molecules along with a glass-fibre-reinforced epoxy
composite and a polyethylene compound with silver-coated titanium dioxide nano-
spheres was utilized by Rutz et al. [21]. Terahertz radiation can also be useful for
estimating the water content in various materials. The reduction of water to it has
been subjugated for quality control in the paper manufacture process and the THz
wave is also not clear to water [22]. Terahertz spectroscopy can also be introduced
to evaluate the humidity level of papers. In addition, THz can also be applied to the
measured mass of paper and thickness besides the access to the amount of water
in papers [23]. THz imaging and spectroscopic techniques can also be helpful to
monitor various food processes [24].

5.3 THz Technology in Photovoltaics

The construction of dye-sensitized solar cells on dye-sensitized titanium dioxide
(TiO2) can be analyzed through THz time-domain spectroscopy to acquire detailed
spectroscopic information of the films [25]. Blackberry and pomegranate are the two
natural dyes, which were inspected and extract an inorganic dye namely ruthenium
bipyramidal complex (rubpy). From the observation, it was found that these two
natural dyes having comparable spectral properties, which were dissimilar to that of
the inorganic dye (rubpy).

THz reflectometry is also used in accumulation to the spectroscopic classification
of photovoltaic compounds, to image photovoltaic compounds for identifying defects
and flaws in the compounds, which could ultimately govern the competence of solar
cells.

5.4 THz Technology in Pharmaceutical Industry

THz technology is oppressed in the pharmaceutical industry due to the exclusivity
of its features [26–28]. THz radiations have the exceptional aptitude of powerful
different classes of compounds, which are typically not clear to other procedures
of electromagnetic fallout. The detection and quantification of hydrates or polymor-
phic systems can be explored by the applications of THz in pharmaceutical industry
including novel active pharmaceutical constituents. The bioavailability, stability and
production of drugs makes it easy to optimize the characterization via THz image
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processing [29]. The thickness of coated pharmaceutical tablets and the quantifica-
tion of the coating can be used by THz pulse imaging (TPI), which is reported by
Russe et al. The common tomographic procedure and X-rayMicro tomography were
screened to authenticate the outcomes of the tablet coated THz pulsed imaging.

5.5 THz Technology in Biomedical Applications

The development of imaging and sensing purposes of new THz techniques have
seen for the last couple of decades. Like X-ray, THz wave is proficient in producing
2D pictures of diverse types of matters owing to the circumstance that THz waves
transportable through some materials like plastics and semiconductors but are not
clear to the others such as polarizing and metallic materials. For medical imaging,
THz radiations are superior over X-rays because they are non-ionizing and to a large
degree innocuous to the receiver. THz radiations are presently beneath examination
for routine as an imaging modality to envisage tumour or cancerous tissues. Cancer
is the second foremost reason of death in the U.S. after cardiovascular disease as
per the American Cancer Society and notes for approximately one in every four
deaths. The current imaging methods are no sufficient to study early detection of
disease, which could mean the variance between life and death for countless patients
but there is a gap. Herein, novel THz spectroscopic lessons on cancer could possibly
offer new procedures for the initial recognition of the disease. Indeed, THz radiation-
based imaging and detection of cancerous cells and skin tissues thus has been a sharp
upsurge in the amount of studies signifying its potential use [30–33]. The technique
lends itself glowing to imaging utmost organic tissue as THz wave is voluntarily
absorbed by polar liquids and/or water [31]. Furthermore, Woodward et al., able to
discriminate basal cell carcinoma, a type of skin cancer, from healthy tissues with the
help ofTerahertz pulse imaging [32].Breast cancer studies are also an example,which
has also been tested through the THz pulse imaging [34]. Terahertz radiation is very
essential to investigate an excessive quantity of bio-molecules such as proteins, amino
acids/peptides, carbohydrates, RNA/ DNA, cells and tissues [35]. The absorption
spectra in the terahertz frequency can be reflected in the low-frequency core helical
vibration of DNA involving hydrogen bond of DNA base pairs [36]. Thus, for the
characterization of biological compounds or bio-molecules, THz radiation can be
utilized to get extreme level of sensitivity towards the study of bio-molecules.

Dental Application: Imaging with X-ray is the leading imaging method in
dentistry. This is the key technology used to watch dental caries and set up treatment
for implants, extractions, dentures and braces. Nevertheless, X-rays are especially
ionizing and common contacts are negative to health. Thus, as an alternative imaging
technique, Terahertz pulsed imaging (TPI) express inordinate prospective in dental
diagnosis [37–40]. On the other, THz radiations are less hazardous, non-ionizing and
low in energy. In contrast to different organic tissues with a large percent of water
with the inclination for extensive absorption of THz wave, tooth have an enormously
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Fig. 7 Terahertz spectroscopy in biomedical applications and image processing. Reprinted with
permission from ref [41]

small water proportion, which drives it handy to photo tooth samples the usage of
the THz pulsed imaging method (Fig. 7).

5.6 THz Technology in Security Screening

Security screening is the most usual place programs of THz technology and image
processing. Terahertz does nowadays no longer most effective supply statistics
approximately the existence of hid objects however additionally has the ability to
become aware of the composition of the substances as per requirement. In latest years
several examinations have been performed at the functionality of terahertz to hit upon
explosives at airports and different touchy places [42]. The gain of THz wave over
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X-ray, extensively utilized for security screening because of its non-ionizing nature
and low energy. The ionizing behaviour of X-rays forms the ordinary acquaintance
of it, which by means is dangerous to people. The particular ability of Terahertz
radiations to impale an extensive variety of packaging substances drives it feasible
to hit upon explosives, weapons and doubtlessly explosive devices hid inside those
substances [43].

5.7 THz Technology in Communication, Remote Sensing
and Astronomy

One different use of THz spectra is inside the place of wireless statistics communica-
tion. TheTHz radiation part of the electromagnetic radiations has proven to undertake
as a bandwidth appropriate for statistics transmission. Ishagaki et al. have planned a
THz oscillating resonate tunnelling diode that has the capacity to transmits a signal
at 542 GHz with a statistics switches price of 3 Gbit/s. This kind of THz WIFI is
constrained to a vicinity of 30 ft however has an ability to aid statistics fees of as
much as a hundred Gbit/s. Remote sensing lets in the purchase of data approximately
substances or places from a span, which will be from a plane or satellites. Terahertz
radiation is one of the potential equipment for sporting out far off sensing. Lui et al.
advanced a method primarily based on broadband THz radiation identification for
far off sensing with which they had been capable of coming across coherent THz
radiation at a separation of 10 m [44].

5.8 THz Technology in Some Other Applications

Meta materials are substances that can be structurally regulated to have interaction
in a selected manner to electromagnetic waves. Meta materials can also be repre-
sented by THz spectroscopy in a regular manner. Meta materials that can be mainly
counterfeited to have interaction with THz radiation are mentioned to THz meta
materials. THz spectroscopy additionally has the capacity to hit upon oil spills in
water bodies [45, 46]. Gorenflo et al. decided the quantity and shape of water in
oil-water complexes with the help of terahertz transmission spectroscopy, via way of
means of tracking modifications in refractive index and absorption coefficient [45].

6 Summary

In the last couple of decades, a noteworthy development has been made on the Tetra-
hertz mediated technology for the production, manipulation and identification of
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THz wave resulting in ever-growing applications of this technology in the research
and industry. Herein, this chapter contributes towards the role of Terahertz image
processing and THz technology along with its applications in numerous areas such
as spectroscopic analysis, biomedical, pharmaceutical testing, oil spill characteri-
zation, astronomy, photovoltaic characterization, security screening, quality control
and pharmaceutical industry. With the exponential development in analysis within
the THz region, a tendency has been developed to anticipate additional proceedings
in the implementation of THz technology within society.
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A DC Analysis of Single-Gate TFET
Using InAs as Channel Material

Jayabrata Goswami, Anuva Ganguly, Anirudhha Ghosal, and J. P. Banerjee

Abstract The modeling and analysis of an n-type InAs-based tunnel field-effect
transistor (TFET) have been carried out by using parabolic approximation technique.
The basic parameters of the device have been outlined by shifting the channel length,
keeping gate oxide thickness constant to achieve high ON to OFF current ratio
(Ion/Ioff) and low subthreshold swing (SS). The surface potential, device electric
field and ON state or drain current are obtained from the analytical solution of
2D Poisson’s condition subject to suitable boundary conditions by utilizing finite
difference method (FDM).

Keywords TFET · Subthreshold slope · Tunneling probability

1 Introduction

Ordinary planar metal–oxide–semiconductor field-effect transistors (MOSFETs) are
drawing closer the scaling limit as transistor measure proceeds to recoil. Short
channel MOSFETs have a few restrictions such as leakage currents and less control-
lability of gate over the channel [1]. In arrange to haveway better controllability of the
channel multi gate structures such as DGMOSFET, FinFET, Silicon Nanowire Tran-
sistor, Tunnel FieldEffect Transistorswere presented. Tunnel FETs act as field impact
transistor but utilize interband tunneling for carrier transport. As the device is turned
on, the carriers tunnel through the boundary so that current can flow from source to
drain side. So the device is off, the nearness of the boundary keeps the leakage current
significantly low. So as the high-k gate dielectric increases the channel current of
Tunnel FET. Since germanium (Ge) has smaller EG than Si, TFETwithGe as channel
material can be used to increase the ON state current [2]. The OFF state current is
however more in Ge TFETs than in Si TFETs which leads to lower ON–OFF current
ratio.
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The reason of this chapter is to show a consider of the performance of
TFET utilizing InAs as channel materials as respects on–off current proportion,
subthreshold swing etc. Hence n-type InAs based TFETs are promising another era
devices for ultra large scale integration also low power digital application.

2 Device Structure and Modeling for Low Power Operation

In Fig. 1, an n-type TFET as InAs channel material is considered in the present
study. The source and drain sides are both heavily doped. The doping concentration
of the device is p + source (2.4 × 1020 cm−3), n channel (1017 cm−3) and n+
drain sides (1.1 × 1020 cm−3). An oxide layer (SiO2) of 2-nm thickness (tOX) acts as
dielectricmaterial in between the gate and the channel. The two-dimensional Poisson
condition is illuminated to urge the surface potential and electric field of the device.
The substrate thickness (tInAs) chosen is 4 nm.

The surface potential and device electric field are calculated by the following
analytical solution of two-dimensional Poisson’s equation [3]

∂2�(x, y)

∂x2
+ ∂2�(x, y)

∂y2
= qNChannel

εInAs
, (1)

whereq and εInAs are the electronic charge andpermittivity of the device.Thepotential
function is written as second-order polynomial, i.e.,

�(x, y) = a0(x) + a1(x)y + a2(x)y
2, (2)

where a0, a1 and a2 are subjective constants. So, the condition (1) is illuminated
utilizing condition (2) taken after by fitting boundary conditions:

Fig. 1 Schematic diagram of an n-type InAs TFET
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(i) At the gate oxide interface, the electric flux is persistent, thus

∂�(x, y)

∂y
= εOX

εInAs

�s(x) − νg

tOX
, y = 0. (3)

(ii) At the back channel and back oxide interface, the electric flux is persistent,
thus

∂�(x, y)

∂y
= 0, y = tInAs (4)

(iii) The potential at the source side and drain side is

�(0, 0) = �s(0) = VBI (5)

�(L, 0) = �S(L) = VBI + Vds (6)

where νg = Vgs − ϕm + χ + Eg
/
2, Eg is the energy band gap, ϕm is the gate metal

work function, χ is the electron affinity of InAs, and V gs and V ds are the gate–source
voltage and drain–source voltage separately.

The constants a0(x), a1(x) and a2(x) can be found from solution boundary
condition Eqs. (3) and (4), and we get

a0(x) = �S(x) (7)

a1(x) = �S(x) − νg

tOX

εOX

εInAs
(8)

a2(x) = 1

2tS

εOX

εInAs

νg − �S(x)

tInAs
(9)

Now putting the value of a0(x), a1(x) and a2(x) in Eqs. (2) and (1), the following
potential distribution function is written as

�S(x) = P expλx +U exp−λx +νg (10)

where λ =
√

εOX
εInAstOX tInAs

is the characteristic length of the device. The coefficients P

and U are obtained as

P = −1

(2 sinh(λL))

[
VBI exp

−λL −(VBI + Vds) + νg(1 − exp−λL) + Vds
]

(11)

U = 1

(2 sinh(λL))
[VBI exp

λL −(VBI + Vds) + νg(1 − expλL) − Vds] (12)
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Therefore, the electric field of the device is calculated from the following
equations. The electric field along the x-axis is

Ex = −∂�S(x)

∂x
= −(Tλ expλx −Uλ exp−λx) (13)

The electric field along y-axis is

Ey = −∂�S(x)

∂y
= −(a1(x) + 2ya2(x)) (14)

Hence, the overall electric field is written as

[E] =
√
E2
x + E2

y (15)

The tunneling probability, TWKB, in a triangular potential barrier of height of Eg
is calculated by using WKB approximation [4, 5] according to which the tunneling
probability is written as

TWKB = exp

(

−4
√
2m∗

reduceE
3/2
g

3q�E

)

(16)

where m∗
reduce is the reduce effective mass and � is the reduce Planck constant

individually. So, the whole drain current is calculated from the following equations

IDrain =
∫

qvgroup(kx)ρ(kx)(fv − fc)TWKBdkx

= q2

π�
TWKBVT ln

(
1

2
(1 + cosh)

VReverse

VT

)
(17)

where vgroup(kx) is the group velocity, VT is the thermal voltage and fv and fc are the
Fermi–Dirac distributions at the valence band and conduction band individually [6].
In this chapter, drain current is calculated from both the analytical and numerical
methods.

3 Simulation Results

The energy band diagram is first obtained from the simulation software to find out
the OFF state leakage current by varying the gate length in the ranges 20 nm to
30 nm, respectively. The optimized value of channel length (L) is found to be 20
nm. The energy band diagrams in the OFF state (VGS = 0 V) and ON state (VGS
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Fig. 2 Energy band diagrams for an n-type InAs-based TFET at a ON state and b OFF state

= 0.1 V, VDS = 0.1 V) for the optimized n-type InAs-based TFET are shown in
Fig. 2a, b separately. The carrier interband tunneling in TFET is based on the variety
of position of the energy band gap of the channel region with respect to the energy
levels of source and drain sides. Therefore, the device surface potential and the
electric field are shown in Fig. 3a, b separately. So, the tunneling probability of the
device is shown in Fig. 4. As electric field increases, the barrier width decreases
which leads to an exponential increase of tunneling probability. Figure 5a shows the
plot of drain current versus gate–source voltage (VGS) for the optimized n-type InAs
TFET fromwhich the magnitude of at VGS = 0.1 V, whereas Fig. 5b shows ON–OFF
current ratio of the aforementioned device structure.

The designed n-type InAs-based TFET at channel length 20 nm shows good
switching property since the OFF state leakage current is very low and the ON–
OFF current ratio is very high. The subthreshold swing (SS) is a vital parameter of
low-power digital design application. The slope of the device is obtained from the

Fig. 3 a Surface potential and b electric field of the n-type InAs-based TFET
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Fig. 4 Shows that the tunneling probability of InAs based n-type TFET versus Electric Field

Fig. 5 a Drain current versus gate–source voltage (Vgs) and b ON–OFF current ratio versus gate–
source voltage (Vgs)

following equations. In a tunnel field-effect transistor, the subthreshold swing, SS,
can be expressed in terms of transconductance (gm) and subthreshold drain current
(ID) as follows [7].

SS = log10

(
ID
gm

)
(18)

The calculated parameters such as current for ON state and OFF state, transistor
ON–OFF ratio and subthreshold swing value of the optimized structure of an n-type
InAs TFET have been given in Table 1.
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Table 1 Calculated parameters

Optimized parameters: L = 20 nm, tOX = 2 nm

Performance parameters Value

ON state current or drain current (ON state, VGS = 0.1 V, VDS = 0.1 V) 6.1 mA

Leakage current (µA) 4.48 µA

Ion/Ioff ratio 103

Subthreshold swing (SS) 21 mV/decade

4 Summary

The analysis of an n-type InAs TFET has been carried out from the self-consistent
solution of the 2D Poisson equation by using finite difference method. This n+-
channel tunnel field-effect transistor has been designed for optimum performance
with regard to better ON to OFF current ratio and lower subthreshold swing of
the device. The values of Ion/Ioff and SS for the optimized device are 103 and 21
mV/decade when channel length is designed at 20 nm. Thus, the optimized n-type
InAs TFET having the aforementioned structural parameters will be useful for low-
power modern digital application.
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Cutting-Edge Technologies for Terahertz
Wave Generation: A Brief History
from the Inception Till the Present State
of The Art

Monisha Ghosh, Aritra Acharyya, and Arindam Biswas

Abstract A short review on avalanche transit time devices has been presented in this
chapter. From its first proposal till the state of the art, impact avalanche transit time
(IMPATT) sources for the generation of terahertz (THz) waves have been briefly
described. The noise outputs of the sources at different electromagnetic spectrum
have been discussed. The details of deferent device structures, potential materials,
popular simulation techniques, etc. are also appended in this chapter.

Keywords Avalanche noise · Lateral DDR structure ·Wide bandgap
semiconductors ·Millimeter-wave · Terahertz regime

1 Introduction

IMPATT device is a microwave semiconductor device whose principle of opera-
tion is based on some basic physical phenomena like impact ionization, avalanche
charge multiplication, and transit time of electrons and holes in a reverse biased
p–n junction biased above the breakdown voltage. The mechanism giving rise
to negative resistance is known as the avalanche transit time (ATT) action. This
device is a leading solid-state device for generating high microwave (1–30 GHz),
millimeter-wave (30–300 GHz) and THz (0.30–10 THz) power.

Shockley [1] in 1954 first introduced the origin of negative resistance within the
high field region of reverse biased p-n junctions. First ancestor of IMPATT diode,
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i.e., p+-n-i-n+ structured Read diode was proposed by Read [2] in the year 1958, and
he established the initial theoretical explanation of the origin of negative resistance.
The nearly intrinsic region (i.e., i-region) is used as the transit time drift zone for
the injected carriers. Read diode languished in the literature as theoretical device for
several years due to difficulty in growing the intrinsic layer. The oscillation from
Read diode was first experimentally demonstrated by Lee et al. [3] in the year 1965.
But they obtained very low microwave power output from the Read oscillator. In the
same year, Johnston et al. reported the significant microwave power output from a
p+-n–n+ structured reverse biased diode mounted in a suitable resonant cavity [4].
These two reports paved the way for the researchers in this field to come up with
new ideas. Since then, the research and development of IMPATT diodes has indeed
been phenomenal with the proposal of different types of doping profile, structure,
and material operating from lower microwave to higher millimeter-wave frequency
bands. In the year 1966, Misawa [5] proposed from his analytical work that negative
resistance can be originated from reverse biased p–n junction of any arbitrary doping
profile. Pioneering work on small-signal analysis of Read-type structure was carried
out by Gilden and Hines [6] in the year 1966. They showed, when the nature of diode
reactance alters from inductive to capacitive, the device resistance also becomes
negative. They had assumed equal ionization rate of electrons and holes in their
analysis. In 1967, Gummel and Blue [7] studied the avalanche noise in IMPATT
sources by using small-signal model developed by them. The unequal ionization rate
and drift velocity of electrons and holes were also used by Fisher [8] in his small-
signal analysis during the same year. These pioneering works motivated several
researchers in this field for designing and fabricating IMPATT devices for realizing
high power, high efficiency microwave oscillators.

The effects of series resistance [9] and tunneling [10] on the performance of ATT
sources were investigated several scientists. Culshaw [11] and Lee et al. [12] studied
the effects of carrier diffusion and ionization rates of charge carriers on the perfor-
mance of avalanche diodes. Pearsall et al. [13] in 1978 showed that impact ionization
rates of hot carriers depend on the crystal orientation of the base semiconductor. In
1980, Lee and Sze [14] measured the dependence of breakdown characteristics of
ATT device on crystal orientation of the base semiconductor. The process tech-
nology of IMPATT diodes based on Silicon as well as GaAs underwent remarkable
improvement through accurate design of these devices in the decades of seventies
and eighties.

2 Some Landmarks

Before 1970, single-drift, i.e., SD structured IMPATTs (p+-n–n+ or n+-p-p+ structure)
with a single-drift region either for electrons (n-type) or for holes (p-type) and a single
avalanche region were experimentally realized.
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2.1 Proposal and Implementation of DDR Structure

First double-drift, i.e., DD structure (p+-p-n–n+) was proposed by Scharfetter et al.
in 1970 [15]. DD structure possesses individual drift zones both for electrons and
holes. This structure is much better than the earlier SD structure as regards power
output, since both types of charge carriers take part in the mechanism of origination
of negative resistance (unlike the SD structure inwhich either electron or hole gets the
opportunity to be drifted and thereby originates the negative resistance). In the year
1970, Seidel et al. [16] fabricated both DD and SD diodes operating at 50 GHz. They
realized 1.0 W power output with 14.2% efficient DD source and 0.53 watts power
output SD source at 50 GHz. Later several confirmations regarding the superiority of
DD diodes over their SD counterparts have been established in subsequent decades.

2.2 Noteworthy Numerical Simulation Methods

A universal small-signal simulation method was first proposed by Roy et al. [17] in
the year 1979. They obtained the field, carrier, and current distributions and static
parameters from the simulation of both DD and SD diodes. Later, Roy et al. [18] also
formulated the universal small-signal model of IMPATTs. In the year 1991, Banerjee
et al. [19] reported the theoretical designs of flat and low–high-low DD structures
at V-band and studied the static and microwave properties of those. The theoret-
ical results come with good agreement with the experimental results carried out on
molecular beam epitaxy (MBE) grown Si diodes [19]. This agreement showed that
the small-signal simulationmethod reported in [18] is accurate enough for predicting
the realistic performance of the device.

2.3 Proposal of DAR Structure

Som et al. [20] proposed a completely different structure in 1974, which has two
avalanche zones and a common drift region. This structure was given name double-
avalanche region (DAR). Analysis of the DAR IMPATT diode was carried out by
Dutta et al. [21] in 1982. Latter in 1991, Pati et al. [22] first investigated the charac-
teristics of DAR IMPATTs by developing an in-house computer simulation method.
Many interesting properties ofDAR IMPATTs are further explored by several authors
during last two decades [23, 24].
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2.4 Further Advancements

In the year 1975, temperature effect on the ATT sources was studied by Takayama
[25]. In the same year, Hirachi et al. [26] showed that the efficiency of mm-wave
IMPATT diodes can be significantly improved by using ion-implantation method.
Gupta [27] tried to develop an approximatedmethod to find the carrier diffusion effect
on the device performance. Chive et al. [28] studied the tunneling effect. Winterbon
[29] explored the ion-implantation range and energy distribution for fabrication of
IMPATT diodes. The limiting operation of silicon ATT oscillators as regards oper-
ating frequency was investigated by Doumitria et al. [30]. MM-wave multilayer
epitaxial grown Si diode was demonstrated by Wan et al. [31] in the year 1975.

2.5 Upper Cut-Off Frequency Limit

In the year 2012, Acharyya et al. [32–34] proposed an avalanche response time-
based simulation method for calculating the upper cut-off frequency limit ATT
sources. Figures 1 and 2 show the high frequency performance limitations ATT
sources based on different semiconductors; the performance of those was studied
from avalanche response times (τA) and corresponding transit time (τ T ) at different
mm-wave and THz frequencies. Same investigation has been illustrated in Fig. 3 for
type-IIb diamond-based ATT source.

Fig. 1 Variations of τA and
τT with frequency in GaAs
and Si diodes [32, 33]
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Fig. 2 Variations of τA and
τT with frequency in InP,
4H-SiC and Wz-GaN diodes
[32, 33]

Fig. 3 Variations of τA and
τT with frequency in
diamond and Si diodes [34]

3 MITATT and TUNNETT Modes

The effect of tunneling on the device performance was first elaborated by Kwok and
Haddad [35]. Existence of both avalanche and tunneling generation in ATT sources
constitutes mixed tunneling and avalanche transit time (MITATT) and tunnel transit
time (TUNNETT)modes. Nishizawa et al. [36] studied the GaAs TUNNETT diodes.
The dependency of three possible operatingmodes, such as (i) IMPATT, (ii)MITATT,
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Fig. 4 Frequency variation
of tunneling induced shift of
ATT phase delay [47]

and (iii) TUNNETT on the width of the device active region was first enlightened
by Elta and Haddad [37, 38]. The device operates in normal IMPATT mode for
avalanche region width (>200 nm) and TUNNETT mode for avalanche region width
(<50 nm) while in MITATT mode, the avalanche region width lies between 50 and
200 nm. Deterioration of device performance due to tunneling was elaborate by
Luy and Kuhn [39]. Simulation method for MITATT mode was later reported [40].
Elta and Haddad [41] and Kane [42] came to the same conclusion as concluded
by Luy and Kuhn [39]; however, their studies provide much more insights to the
said phenomena. Experimental works on TUNNETT mode were also carried out
by Eisele and Haddad [43]. However, later studies show that appropriate design of
the device may suppress the performance deterioration of ATT sources operating in
MITATT mode [44]. Tunneling effect was more elaborately studied by Acharyya
et al. in [45–47] in the recent years (example in Fig. 4).

4 Other Base Semiconductors

Initially, Si was the only material for fabricating IMPATTs. Using matured tech-
nology, Luy et al. in the year 1987 [48] andWollitzer et al. in the year 1996 [49] exper-
imentally realized Si-based DD sources at 94 and 140 GHz and obtained satisfactory
performance.
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4.1 GaAs

At higher mm-wave frequencies, the performance of Si-based IMPATTs is limited
as regards lower efficiency and power output. During early seventies to late nineties
of the previous century, many researchers have studied the potentialities of group
III-V material GaAs as the base semiconductor of ATT oscillators [50–60]. Out
of those works, the experimental studies carried out by a few research groups are
very significant, such as the reports of Eisele [54], Eisele [55] (proved the better
noise performance of GaAs sources as compared to Si sources), Eisele and Haddad
[56], Kearney et al. [57], Curow [58] (reported 400 mW peak output power with at
150 GHz), Tschernitz et al. [59], Tschernitz and Freyer [60], etc.

4.2 InP

Another group III-V compound, i.e., InP was introduced for the fabrication of
IMPATTs. Ion-implantation method was adopted by Berenz et al. [61] in the year
1978 for realizing SD diode based on InP. Later onwards, several studies on InP
material established the fact that InP is better than Si as well as GaAs, as a based
material of ATT device [62, 63]; some theoretical studies in recent years reveal that
InP IMPATTs are also capable of delivering THz power [64–66]. However, due to
the lack of technological advancements in InP process and fabrication technologies,
InP could not replace Si and GaAs till date.

4.3 Wide Bandgap Semiconductors

Somewide bandgap (WBG) semiconductors like diamond (C), SiC, GaN, etc. are the
new generation materials which possess ultimate THz proficiencies [32–34, 67–70].
In the year 2001, two different research groups Yuan et al. [71] and Vassilevski et al.
[72] attempted the fabrication of 4H-SiC-based modified SD diodes operating at
X-band. However, they did not obtain the expected performance from their realized
sources; lack of matured technology of 4H-SiC and not up to the mark quality of the
4H-SiC wafer used for those fabrications may be the cause of obtaining less power
at X-band.

No attempt has yet been made by any researcher for fabricating GaN ATT
device. Lack of matured technology of GaN is the main cause of it. However, this
material has shown immense potentiality to be the ultimate base material for ATT
devices operating at higher mm-wave and THz frequency bands [32] A small-signal
simulation study based on drift–diffusion model [32] (Fig. 5). On the other hand,
many researchers have suggested diamond as an extraordinary material for realizing
mm-wave and THz devices [73–75].
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Fig. 5 Power versus
frequency graphs of GaAs,
Si, InP, 4H-SiC, and
Wz-GaN-based DD sources
[32]

5 Effect on Photo-Irradiation on Impatt Oscillators

5.1 Photo-Irradiation on Vertical IMPATTs

Carrier leakage current enhancements in the respective layers of (p+- and n+-layers,
respectively) Si SD diodes were first experimentally reported by Vyas et al. [76] in
the year 1977. Latter in the same year, Yen et al. [77] demonstrated the modulation
of GaAs IMPATT diode oscillators by optical illumination. Many researchers have
theoretically and experimentally verified the said phenomenaduringnext fewdecades
[78–89]. A theoretical model for analyzing the photo-irradiated Si DD diodes in two
different optical illumination configurations (Fig. 6) such as (a) Top Mounted (TM)
when the light is illuminated on p+-layer and (b) Flip Chip (FC) when the light
is illuminated on n+-layer, at microwave/mm-wave/THz regime was proposed by
Acharyya et al. [90] in 2012. They showed from simulation studies that better optical
control of DDR IMPATTs based on Si may be achieved if the light is illuminated on
the p+-side of the device, i.e., when the photo-generated leakage current is electron
dominated since the ionization rates of electrons are greater than those of holes in
Si. The reverse results are obtained for IMPATTs based on InP, SiC, GaN, etc. for
which hole ionization rates are more than electron ionization rates.
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Fig. 6 a TM and b FC vertical DDR IMPATT structures under optical illumination [90]

5.2 Lateral IMPATT Oscillators for Better Optical Control

Planer, mesa, and distributed structure of IMPATT diodes are also tested as the coun-
terparts of conventional vertical SD and DD diodes [4, 91–97]. These structures are
especially suitable for coupling optical energy into the electromagnetic oscillation
of oscillators (for vertical structure, this coupling is difficult (see Fig. 6)). Moreover,
these structures support the monolithic fabrication of the device, unlike the conserva-
tive vertical SD and DD structures; series power combination is also very convenient
for these lateral structures. Diffused and buried geometry lateral SD diodes were first
fabricated and tested by Stabile et al. [98] at X-band. Later 0.18 μm standard CMOS
technology was used by Attar et al. [99–102] for fabricating lateral SD structure
which were capable of oscillating up to W-band. Recently, Acharyya et al. [103]
in 2012 proposed a lateral DD (p+-p-n–n+) IMPATT structure for better interaction
between optical and electromagnetic waves as shown in Fig. 7. He also developed a
simulation model [104] to study the optical modulation effect on the static and high
frequency characteristics of lateral DDR IMPATTs and showed that better optical
control of millimeter-wave properties of IMPATTs may be achieved if the device
orientation is lateral instead of conventional vertical orientation.

5.3 Avalanche Noise and Effect of Photo-Irradiation

The applications of IMPATT diodes are however limited by the inherent noise which
arises mainly due to the statistical nature of carrier generation by impact ionization.
In 1965, Tager [105] obtained an approximate expression for the small-signal noise
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Fig. 7 Photo-irradiation on a n-drift and b p-drift zones of lateral DD diode [103, 104]

spectrum.Hines [106] developed a small-signal theory for noise including interaction
with external circuits. He obtained an expression for the noise current spectrum of
a small-signal amplifier and calculated the noise figure. Gummel and Blue [7] in
their work on avalanche noise of IMPATT diode generalized the theory applicable to
arbitrary doping profile and incorporated realistic values of the ionization rates as a
function of electric field. They assumed the field-independent saturated drift velocity
of electrons and holes. They derived a general expression for the mean square open-
circuit noise voltage in terms of Green’s function. Large-signal noise properties
of ATT sources were studied by Inkson [107] by using the “sharp-current-pulse
approximation.” Some significant works on the noise characterization of IMPATT
oscillators were carried out by Haus et al. [108] and Kuvas [109]. In the year 1978,
Etla and Haddad [110] in 1978 reported that a trade-off exists between noise and
power under MITATT mode. Later several design methods were reported showing
the reduction of noise in the device. Several authors reported that the pure TUNNETT
mode operation provides lower noise at the expense of reduction of power output
and efficiency.

In the year 1996, a new simulation technique to study the avalanche noise in
MITATTmode operation of IMPATT devices was reported [111, 112], which enables
one to design very low noise ATT source at mm-wave frequency bands. But the noise
spectral densities as well as noise measure of the device were estimated without
considering the effect of parasitic series resistance on the noise performance of the
device. Recently, the author incorporated the effect of parasitic series resistance to
estimate the noise spectral density as well as noise measure (Fig. 8) of Si DD sources
at W-band [113, 114].

Millimeter-wave and noise properties of Si ~ Si1-xGex heterojunction DDR
MITATT devices at 94 GHz were studied by Banerjee et al. [115]. The effect of
photo-irradiation on the noise performance of DDR MITATT device based on Si is
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Fig. 8 Noise measure
versus frequency curves of
DD Si ATT source [113]

first studied by Acharyya et al. [116, 117]. A model for the small-signal analysis
of avalanche noise in DDR MITATT devices under optical illumination is proposed
and simulation is carried out to study the noise properties of the device designed to
operate at W-band. The results show that avalanche noise measures of optically illu-
minated FC and TM structures of Si DD diode are 37.1 dB and 40.2 dB, respectively,
for the incident photon flux density of 1026 m−2 s−1 at 1000 nm wavelength near
the bandgap absorption of Si while the noise measure of the same device under dark
condition is 35 dB as shown in Figs. 9a and b.

6 Terahertz IMPATTs

TheTHz (i.e., 0.3–10THz) sources are in great demand now-a-days for various appli-
cations such as THz imaging [118], spectroscopy [119], bio-sensing [120], quality
inspection in various industrial branches [121–123], medical and pharmaceutical
applications [124, 125], THz astronomy [126], etc. Recently, 1.9–2.7 THz cascaded
frequency multiplier source is proposed [127–131] which can deliver 10–2μWpeak
power. Also, some highly efficient THz devices are under development since last
decade [132–140].
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Fig. 9 Effect of optical illumination on the noise measure versus frequency curves of a TM and
b FC DD Si ATT source [116, 117]

6.1 Figure of Merit Test of Different Semiconductor
Materials

Figure of merit (FOM) is a quantity used to characterize the performance of a device,
system ormethod relative to its alternatives. Inmaterial science, FOMs are often used
for a particular material in order to determine its relative utility for an application.
A comparison of expected theoretical performances (i.e., FOMs) of different semi-
conductor materials is shown in Table 1. All the FOM values of the semiconductor
materials are normalized with respected to the respective FOM values of Si in order
to obtain a better comparative investigation.

It can be observed from Table 1 that the WBG semiconductors such as 4H-SiC
(Eg = 3.26 eV), 6H-SiC (Eg = 2.86 eV), Wz-GaN (Eg = 3.40 eV), and diamond (Eg

= 5.48 eV) clearly have much higher advantages like higher frequency of operation,
higher switching speed, power dissipation capacity, power-switching product, etc.
Moreover, Table 1 shows that WBG semiconductors excel their narrower bandgap
(NBG) counterparts as regards the above said aspects.

6.2 WBG Semiconductors

Several reports suggest that WBG materials like SiC and GaN are best choices for
fabricating ATT sources for generating THz frequencies [32, 33, 64–72]. Another
very promising WBG material diamond recently attracted the researchers due to
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Table 1 Figure of merit (FOM) test [141]

FOM Si GaAs 6H-SiC 4H-SiC Wz-GaN Diamond (C)

Johnson’s figure of merit (JFOM)
[142]

1.0 1.8 277.8 215.1 215.1 81,000.0

Baliga’s figure of merit (BFOM)
[143]

1.0 14.8 125.3 223.1 186.7 25,106.0

FET switching speed figure of
merit (FSFOM)

1.0 11.4 30.5 61.2 65.0 3595.0

Bipolar switching speed figure of
merit (BSFOM)

1.0 1.6 13.1 12.9 52.5 2402.0

FET power handling figure of
merit (FPFOM)

1.0 3.6 48.3 56.0 30.4 1476.0

FET power-switching product
(FTFOM):

1.0 40.7 1470.5 3424.8 1973.6 5,304,459.0

Bipolar power handling capability
figure of merit (BPFOM)

1.0 0.9 57.3 35.4 10.7 594.0

Bipolar power-switching product
(BTFOM)

1.0 1.4 748.9 458.1 560.5 1,426,711.0

its favorable material properties and potentiality to generate RF power with signifi-
cantly high DC to RF conversion efficiency at THz frequency regime up to 1.5 THz
[34, 73–75].

7 Large-Signal Simulation

Small-signal simulations of ATT sources [5–8] are incapable of providing accurate
information about the power delivery capability of the source; which can be acquired
from the large-signal analysis [144]. Ground-breaking work on large-signal analysis
of Read-type silicon IMPATT oscillator was done by Scharfetter et al. in 1969 [145].
Gupta et al. [146] in 1973 proposed a current-excited large-signal model of the device
with a circuit model. Recently, Acharyya et al. [147–149] have developed a large-
signal simulation method based on non-sinusoidal voltage excitation which is the
most accurate one as regards its capability of predicting power and efficiency of
mm-wave and THz ATT sources.

7.1 Diamond ATT Sources

Recently, Acharyya et al. [34] have made an attempt to study the large-signal proper-
ties of DDR IMPATT devices based on type-IIb diamond at both mm-wave and THz
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Fig. 10 Power output and
efficiency versus frequency
graphs of Si and diamond
DD sources [34]

frequencies.A rigorous large-signal simulation based on non-sinusoidal voltage exci-
tation model developed earlier by the authors [147–149] is used to obtain the electric
field snap-shots at different transit angles over consecutive cycles of oscillation. The
large-signal negative conductance, power output, and conversion efficiency of both
the devices are obtained at different voltage modulations. The large-signal simula-
tion results show that the DDR Diamond IMPATT device delivers a peak RF power
of 7.79 W with 18.17% conversion efficiency at 94 GHz while at 0.5 THz the peak
power output and conversion efficiency decrease to 302.8 mW and 9.91%, respec-
tively, taking 50%voltagemodulation in both the cases. A comparative study ofDDR
IMPATTs based on diamond and Si shows that the former excels the later as regards
high frequency-high power performance at both mm-wave and THz frequency bands
(Fig. 10).

7.2 Group III–IV Compound Semiconductor-Based ATT
Sources

Acharyya et al. [150] have recently explored the potentiality of DD devices based on
Wz-GaN as regards their performance. Large-signal simulation method developed
by the authors [147–149] has been used to obtain the high frequency properties and
performance of the device. The effect of band to band tunneling on the large-signal
properties of the device at different mm-wave and THz frequencies is also inves-
tigated. Large-signal simulation results show that at mm-wave 94 GHz frequency
the device delivers 3.73 W peak RF power (PRF in pure IMPATT mode and PRF

’

in MITATT/TUNNETT mode) with around 21% conversion efficiency when the
voltage modulation is 50%, whereas peak RF power output decreases to around
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Fig. 11 Power output and
efficiency versus frequency
graphs of Wz-GaN, Si,
GaAs, and InP DD sources
[150]

2.1mWwith 7.4% conversion efficiency at 5.0 THz for the same voltagemodulation.
A comparative study is presented in Fig. 11.

8 Series Resistance

Since the negative resistance of mm-wave and THz IMPATTs remains within the
range of few ohms to few milli-ohms, the power loss in the inactive region of the
device cannot be compensated fully by the external circuitry. This loss should be
as small as possible in order to obtain nonzero output power from the device. The
RF power is dissipated in the un-depleted region of the device since it contributes
to the positive series resistance of the device. The series resistance originates not
only from the un-swept epitaxial layer but also from the substrate and contact layers
of the device. The negative resistance of millimeter-wave IMPATTs is in the range
of few ohms, so the positive series resistance is to be kept to a minimum possible
value by appropriate design of the structural, doping, and bias current parameters of
the device. The direct measurement of series resistance is difficult [151] due to the
errors associated with network analyzer. Further such measurement necessitates an
accurate analysis of device-circuit interaction which is not an easy task.
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Fig. 12 Series resistance versus frequency obtained from conventional method, proposed method
[155, 156], and experimental measurement [154]

8.1 Experimental Determination of Series Resistance

And indirect method was used by Adlerstein et al. [152] in the year 1983, for exper-
imentally measuring the series resistance of DD GaAs IMPATT operating at 34–
44 GHz. Some theoretical and experimental studies on the electrical series resistance
of X- and Ka-band IMPATT diodes were also reported [153, 154]. The series resis-
tance of Ka-band IMPATTs has been studied from small-signal simulation, and the
reported [154] results have been compared with the experimental data.

8.2 A New Technique to Estimate the Series Resistance

An interesting and very accurate method has been proposed by Acharyya et al.
[155, 156] for estimating the series resistance of mm-wave IMPATTs from the large-
signal electric field snap-shots at different phase angles of a full cycle of steady-state
oscillation. The results show that the proposed method provides better and closer
agreementwith the experimental value [154] as compared to the conventionalmethod
(see Fig. 12).

8.3 Influence of Skin Effect

Acharyya et al. [157] introduced the influence of skin effect in the method of esti-
mating the series resistance. The series resistance estimated by including the skin
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effect is in closer agreement with the experimental values as compared to that without
including the same as shown in Figs. 13 and 14.

Fig. 13 Series resistance of
35 GHz SDR Si IMPATT
calculated by using the
proposed method [157] and
series resistance obtained
from experimental
measurement [154] versus
frequency

Fig. 14 Series resistance of
94 GHz DDR Si IMPATT
calculated by using the
proposed method [157] and
series resistance obtained
from experimental
measurement [48] versus
frequency
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9 Summary

Abrief review of the progress and development of IMPATTdevice since its beginning
till the present state of art is presented in this chapter. Various revolutionary aspects
regarding IMPATT sources are discussed briefly. This review will be extremely
helpful for the present researchers working in this field.
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An Approximate Model for Analyzing
Four-Terminal Lateral Single-Drift
IMPATT-Based THz Radiators

Subhashri Chatterjee and Aritra Acharyya

Abstract An approximate model is presented in this chapter, which will be useful to
study the static and dynamic performance of laterally oriented four-terminal single-
drift (SD) IMPATT sources. This model is suitable for both sub-terahertz frequency
and terahertz (THz) frequency of operation of the device. The details of the model
are presented in this chapter; however, the simulation results are omitted from here
due to the limitations in availability of space.

Keywords Analysis · Dynamic · IMPATT · Lateral · Terahertz

1 Introduction

The lateral orientation of IMPATT structure was first experimented by Stabile et al.
[1]. They successfully realized SD planner diodes and obtained equivalent perfor-
mance from this structure in comparison with the conventional vertically oriented
structure. Standard 0.18 micron CMOS technology was used by Attar et al. for fabri-
cating lateral SD diodes operating at W-band [2–5]. Primary advantage of this struc-
ture is the compatibility withmonolithic integration technology. Photo-couplingwith
microwave oscillation and corresponding photonic–microwave interaction is also
more convenient in this planner structure [6–8]. First, laterally oriented double-drift
(DD) diode was proposed byAcharyya et al. in the year 2012 [6, 7]; two-dimensional
dynamic simulationmodelwas developed by them to study the sub-THz performance
of Si DD diode oscillators.
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Now, the planner structure promptly encourages one to append one or more
additional terminals to SD IMPATT device in order to obtain one or more voltage-
controlling external terminals. In this chapter, such two terminals, i.e., (i) gate and
(ii) substrate terminals, are added to the lateral SD structure. An approximate model
is presented to study the static and dynamic performance of laterally oriented four-
terminal SD IMPATT sources. This model is suitable for both sub-THz frequency
and THz frequency of operation of the device. The details of the model are presented
in this chapter; however, the simulation results are omitted from here due to the
limitations in availability of space.

2 Proposed Model

Four-terminal lateral SD p+pn+ and n+np+ structures are shown in Fig. 1. When a
small positive gate voltage is applied to the gate terminal of the p+pn+ lateral SD
IMPATT, due to downward vertical electric field (ξ v(z)), majority carriers (holes) of
the p-type substrate region will experience a force away from the oxide–semicon-
ductor interface. As the holes are pushed away from the interface, a negative space
charge region is created due to the immobile ionized acceptor atoms as shown in
Fig. 1a. So, the effective p-type doping concentration of this region will decrease.
Similarly, due to small negative gate voltage on the gate terminal of the n+np+ lateral
SD IMPATT will create a positive space charge region due to immobile ionized
donor atoms as shown in Fig. 1a; as a result of that n-type doping concentration of
this region will decrease. Sufficiently, large positive and negative gate voltages will
cause inverted oxide–semiconductor interface in lateral p+pn+ and n+np+ structures,
respectively. In this section, a relationship between the applied gate voltage (VG) and
the effective doping concentration within the space charge region of the p+pn+ and
n+np+ lateral SD IMPATTs is established.

Energy band diagrams of oxide-p-type and oxide-n-type semiconductor interfaces
of lateral SD p+pn+ and n+np+ structures, respectively, are shown in Fig. 2a and b.
The equilibrium hole and electron concentrations are respectively given by

Fig. 1 Four-terminal silicon-based lateral SD a p+pn+ and b n+np+ structures
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Fig. 2 Energy band diagrams of a oxide-p-type and b oxide-n-type semiconductor interfaces at
depletion

p0 = ni. exp((Ei − EF)/kBT ) = ni. exp
(
q�f /kBT

) = NA, (1)

n0 = ni. exp((EF − Ei)/kBT ) = ni. exp
(−q�f /kBT

) = ND. (2)

The hole and electron concentrations at any distance z from the oxide–semicon-
ductor interface within the space charge region are given by

p(z) = ni. exp
(
q
(
�f − �(z)

)
/kBT

) = p0. exp(−q�(z)/kBT )

= NA. exp(−q�(z)/kBT ), (3)

n(z) = ni. exp
(−q

(
�f − �(z)

)
/kBT

)

= n0. exp(q�(z)/kBT ) = ND. exp(q�(z)/kBT ). (4)

Now, Eqs. (3) and (4) are combined with Poisson’s equation to solve for F(z),

∂ξv(z)

∂z
= ∂2�(z)

∂z2
= − q

εs
(ND − NA + p(z) − n(z))

⇒ ∂2�(z)

∂z2
= ∂

∂z

(
∂�(z)

∂z

)

= − q

εs

[
NA(exp(−q�(z)/kBT ) − 1)

− ND(exp(q�(z)/kBT ) − 1)
]
, (5)

where εs = permittivity of the semiconductor. Due to charge neutrality condition, p0
+ ND = n0 + NA. Vertical electric field ξv(z) = −∂�(z)/∂z.
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Integrating Eq. (5) from the bulk (where the bands are flat, the electric fields are
zero, and the carrier concentration is determined by doping concentration), toward
the surface,

∂�(z)
∂z∫

0

(
∂�(z)

∂z

)
d

(
∂�(z)

∂z

)
= − q

εs

�(z)∫

0

[
NA(exp(−q�(z)/kBT ) − 1) − ND(exp(q�(z)/kBT ) − 1)

]
d�(z)

⇒ ξv(z) =
{(

2kBTNA

εs

)[(
exp

(−q�(z)

kBT

)
+ q�(z)

kBT
− 1

)

+
(
ND

NA

)(
exp

(
q�(z)

kBT

)
− q�(z)

kBT
− 1

)} 1
2

. (6)

Equations (3) to (6) are written for lateral p+pn+ SD; for n+np+ SD, F(z) must
be replaced by −F(z), since here the applied gate voltage is negative. At the oxide–
semiconductor interface, i.e., at the surface where z = 0, the vertical electric field
can be determined as

ξv(0) = ξs =
{(

2kBTNA

εs

)[(
exp

(
−q�s

kBT

)
+ q�s

kBT
− 1

)

+
(
ND

NA

)(
exp

(
q�s

kBT

)
− q�s

kBT
− 1

)]} 1
2

for p+pn+SD, (7)

ξv(0) = ξs =
{(

2kBTNA

εs

)[(
exp

(
q�s
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− q�s

kBT
− 1

)

+
(
ND

NA

)(
exp

(
−q�s

kBT

)
+ q�s

kBT
− 1

)]} 1
2

for n+np+SD (8)

The relationship between the space charge per unit area to the electric displace-
ment can be obtained from theGauss’s law at the surface, considering that the electric
field or displacement deep into the substrate is zero

QS = −εsξs forp+pn+SD and QS = εsξs forn+np+SD. (9)

The charge distribution, electric field, and electrostatic potential for depleted
surface are sketched in Fig. 3 for both lateral SD p+pn+ and n+np+ structures. For
simplicity, depletion approximation is considered, i.e., complete depletion for 0 < z
< Wv and neutral material for z > Wv. In this case, the positive charge on the metal
is balanced by the negative charge QS = − qNAWv in the p-type semiconductor of
p+pn+ structure and by the positive chargeQS = qNDWv in the n-type semiconductor
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Fig. 3 Approximated charge, electric field, and electrostatic potential distributions for depleted
surface of lateral SD a p+pn+ and b n+np+ structures for applied gate voltage VG

of n+np+ structure

QM = −QS = qNAWv for p+pn+SD and

QM = −QS = −qNDWv for n+np+SD. (10)

Using the depletion approximation, the value ofWv can be determined as a func-
tion of Fs. The result is same as the n+-p/p+-n junction, for which the depletion
region extends almost entirely into the p-region/n-region

Wv =
[
2εs�s

qNA

] 1
2

for p+pn+SD and Wv =
[
2εs�s

qND

] 1
2

for n+np+SD. (11)
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From the potential distribution of Fig. 3, it can be observed that an applied voltage
at gate terminal (VG) appears partially across the oxide (Vox) and partially across
the depletion region of the semiconductor (Fs). The voltage across the oxide layer
is given by

Vox = −Qstox
εox

= −Qs

Cox
for p+pn+SD and Vox = Qstox

εox
= Qs

Cox
forn+np+SD,

(12)

where εox = permittivity of the oxide and Cox = (εox/tox) = oxide capacitance per
unit area. So, the applied gate voltage is

|VG| = |Vox| + |�s| for both p+pn+ and n+np+SDs. (13)

Figure 4 shows the reverse-biased lateral SD p+pn+ and n+np+ structures. Due
to increase of the positive or negative gate voltages in p+pn+ or n+np+ structures,
respectively, the depletion region width (Wv) increases as shown in Fig. 4a and
b until burly inversion is attained. After strong inversion, further increase in gate
voltage results in stronger inversion rather than more depletion. Thus, the maximum
depletion width is

Wv(max) =
[
2εs�s(Inv)

qNA

] 1
2 =

[
2εs(2�f )

qNA

] 1
2 = 2

[
εskBT . ln(NA/ni)

qNA

] 1
2
forp+pn+SD

and

Wv(max) =
[
2εs�s(Inv)

qND

] 1
2 =

[
2εs(2�f )

qND

] 1
2 = 2

[
εskBT . ln(ND/ni)

qND

] 1
2
for n+np+SD

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(14)

Fig. 4 Reverse-biased lateral SD a p+pn+ and b n+np+ structures showing the increasing depletion
region width due to increasing applied gate voltage VG
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Reverse-biased complimentary structures (p+pn+ andn+np+) are presented by one-
dimensional (1D) models as shown in Fig. 5a and b; these can be used for the static
and dynamic analysis. The following device equations will have to be simultaneously
solved, subject to proper boundary conditions in order to obtain field, current, and
carrier profiles:

dξ(x)

dx
= q

εs
(ND − NA + p(x) − n(x)), (15)

∂Jn(x)

∂x
= −∂Jp(x)

∂x
= q

(
n(x)αn(x)vn(x) + p(x)αp(x)vp(x)

)
, (16)

Jp(x) = qp(x)vp(x) − qDP

(
∂p(x)

∂x

)
, (17)

Jn(x) = qn(x)vn(x) + qDn

(
∂n(x)

∂x

)
, (18)

q
∂(p(x) − n(x))

∂x
= J0

(
αn(x)

vn(x)
+ αp(x)

vp(x)

)
− (

αn(x) − αp(x)
)(Jp(x)

vp(x)
− Jn(x)

vn(x)

)

+
[
Jp(x)

∂

∂ξ(x)

(
1

vp(x)

)
− Jn(x)

∂

∂ξ(x)

(
1

vn(x)

)]
∂ξ(x)

∂x
(19)

where the symbols αn, αp, vn, vp, μn, μp, etc., have their usual significance. For
simplicity in 1D analysis, the authors have assumed p(x) = p(x,z)|z = 0 and n(x) =
n(x,z)|z = 0; i.e., p(x) and n(x) are assumed as independent of z, having the constant
values equal to values of p(x) and n(x) at surface (z = 0) throughout the space charge
layer due to small gate voltage VG.

The said boundary conditions for electric field are given by

ξ
(
Wp

) = 0 for p+pn+ SD and ξ(−Wn) = 0 for n+np+SD, (20)

Fig. 5 1D model of p+pn+ and n+np+ structures
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and current boundary conditions are given by

P
(
Wp

) =
(
1 − 2

Mn

)
for p+pn+ SD and

P(−Wn) =
(

2

Mp
− 1

)
for n+np+SD, (21)

where Mn and Mp are multiplication factors corresponding to electrons and holes
and Mn and Mp tend to 106 under breakdown condition.

The breakdown voltage can be obtained from

VB =
Wp∫

0

ξ(x)dx for p+pn+ SD and VB =
0∫

−Wn

ξ(x)dx for n+np+ SD. (22)

Conversion efficiency can be obtained from the semi-quantitative formula [9, 10]

η(%) = 2m

π
× VD

VB
, (23)

where VD = voltage drop across the drift region, VB = breakdown voltage, and m =
½. The real part R(x, ω) and imaginary part X(x, ω) of the diode impedance Z(x, ω)
can be obtained by solving the following second-order differential equations [11]

D2R + [
αn(x) − αp(x)

]
DR − 2r

(
ω

v

)
DX +

[(
ω2

v2

)
− H (x)

]
R

− 2α(x)

(
ω

v

)
X − 2

(
α(x)

vεs

)
= 0, (24)

D2X + [
αn(x) − αp(x)

]
DX + 2r

(
ω

v

)
DR

+
[(

ω2

v2

)
− H (x)

]
X + 2α(x)

(
ω

v

)
R +

(
ω

v2εs

)
= 0, (25)

where v = (
vspvsn

)0.5
, α(x) = (

αp(x)vsp + αn(x)vsn
)
/2v, r = (

vsn − vsp
)
/2v,

H (x) = (
J0/vε

)(
2dα/dξ + y.d

(
αn − αp

)
/dξ

)
, and y = vε/J0(dξm/dx), and D

is the differential operator ∂/∂x.
The boundary conditions for R and X at the p+p and n+n interfaces of reverse-

biased p+pn+ and n+np+ structures are given by

DR − ωX

vsp
=

(
1

vspεs

)
andDX + ωR

vsp
= 0 at x = Wpi.e., at p

+p interface (26)
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DR + ωX

vsn
= −

(
1

vsnεs

)
andDX − ωR

vsn
= 0 atx = −Wni.e., at n+n interface

(27)

The device negative resistance (ZR) and reactance (ZX ) are obtained from

ZR =
Wp∫

0

R(x)dx and ZX =
Wp∫

0

X (x)dx for n+np+SD (28)

ZR =
0∫

−Wn

R(x)dx and ZX =
0∫

−Wn

X (x)dx for n+np+SD (29)

The impedance of the device is given byZD =ZR + j ZX , and the device admittance
is YD = 1/ZD = G + j B. The negative conductance (–G) and associated susceptance
(B) are obtained from

|G(ω)| = ZR(
Z2
R + Z2

X

) and |B(ω)| = −ZX(
Z2
R + Z2

X

) (30)

The avalanche frequency (f a) is the frequency at which the susceptance (B)
changes its nature from inductive to capacitive. Again, it is the lowest frequency
at which the real part (G) of admittance becomes negative and oscillation starts to
build up in the circuit.

3 Summary

The planner structure promptly encourages one to append one or more additional
terminals to SD IMPATT device in order to obtain one or more voltage-controlling
external terminals. In this chapter, such two terminals, i.e., (i) gate and (ii) substrate
terminals, are added to the lateral SD structure. An approximate model is presented
to study the static and dynamic performance of laterally oriented four-terminal
SD IMPATT sources. This model is suitable for both sub-THz frequency and THz
frequency of operation of the device. The details of the model are presented in this
chapter; however, the simulation results are omitted from here due to the limitations
in availability of space.
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On Some Modern Simulation Techniques
for Studying THz ATT Sources

Monisha Ghosh, Aritra Acharyya, and Arindam Biswas

Abstract Great demand of suitable terahertz (THz) sources requires optimized
design and appropriate simulation tool for designing and investigating the device
capability at the design spectrum before actual fabrication. Design and simulation of
complex devices like THz avalanche transit time (ATT) diodes require comprehen-
sive and accurate simulationmodel for small-signal, large-signal andnoise simulation
before the actual fabrication. This chapter is devoted to summarize these three types
of simulation methodologies for THz ATT sources.

Keywords Simulation technique · Small-signal · Large-signal · Avalanche noise ·
Terahertz

1 Introduction

Solid-state semiconductor-basedmillimetre-wave and terahertz signal generators are
the most commonly used sources for most of the modern-day wireless communica-
tion systems; the popularity of these spectrums are due to the availability of higher
resolution as well as broader bandwidth. As a consequence of many advantages of
solid-state sources, like lower weight and cost as well as better reliability, those
have completely replaced earlier used vacuum tube devices in most of the applica-
tions. High power-efficient solid-state sources are now commercially available for
various applications at mm-wave and THz regime. The fabrication technology of two
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terminal devices like ATT and GUNN is compatible with microwave/mm-wave stan-
dard integrated-circuits process technology. The negative resistances in these devices
are produced by different physical phenomena. Gunn diodes are known as transferred
electron devices (TED) since the transfer of electrons from the central valley to the
satellite valley in the conduction band of n-type bulk GaAs or InP under suitable
biasing condition is responsible to produce negative resistance in these diodes. On
the other hand, an appropriate phase lag (90°–270°) between the input voltage and
external current produces negative resistance in ATT diode. Unlike Gunn diode, ATT
diode can be fabricated from different semiconductors such as Si, GaAs, InP, SiC,
GaN and type-IIb diamond; there is no restriction on the choice of semiconductor
materials as regards their nature of the energy-band structure (wherther direct or
indirect bandgap material).

The frequency or wavelength range, lies between 0.3 and 10 THz or 1000 µm
to 30 µm, falls between electromagnetic mm-wave and optical infrared spec-
trums is usually regarded as THz domain. Various fields of modern research and
development and industries like biotechnology, astronomy, spectroscopy, quality
inspection, medical and pharmaceutical technology, etc. demand the THz waves
of different frequencies and different intensity [1–8]; thus the requirement of high
quality and high reliability THz sources is very high nowadays. The R&N of THz
sources, detectors and other components are underway for implementation of THz
system. Although, the primary disadvantage of high-power THz oscillators are their
complexity, large weight and cryogenic operational temperature in most of the cases.
Recently, 1.9–2.7 THz cascaded frequency multiplier source is proposed [9–13]
which can deliver 10–2 µW peak power. Also, some highly efficient THz devices
are under development since last decade [14–52].

This great demand of suitable THz sources requires optimized design and appro-
priate simulation tool for designing and investigating the device capability at the
design spectrum before actual fabrication. Design and simulation of complex devices
like THz avalanche transit time (ATT) diodes require comprehensive and accurate
simulationmodel for small-signal, large-signal and noise simulation before the actual
fabrication. This chapter is devoted to summarize these three types of simulation
methodologies for THz IMPATT sources.

2 Overview of IMPATT Simulation

Several researchers have investigated [53–55] the DC and high frequency properties
of IMPATT devices by using appropriate device model and analytical methods. The
analytical methods involve several simplifying assumptions regarding the ionization
rates and drift velocities of charge carriers in the semiconductor. These methods
cannot provide accurate information regarding the high-frequency performance of
IMPATTs under practical situation. Numerical simulation methods on the other hand
are free from those simplifying assumptions and capable of predicting accurately the
microwave andmm-wave properties of IMPATTs. In fact, accurate design of IMPATT
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devices for specific applications in themm-wave and sub-mm-wave frequencies relies
mainly on the modelling and simulation techniques.

A simple DC and small-signal simulation method for design of IMPATTs was
formulated by Roy et al. [56, 57], in which numerical computation begins from
the location of field maximum, i.e. metallurgical junction of the device. The main
advantages of this method over other existing methods are numerical stability and
convergence. Later, this method was generalized for different structures, doping
profiles and base semiconductors of IMPATT diodes. Various researchers studied the
effects of space charge [58, 59], carrier diffusion [60] and band-to-band tunnelling
[61] on the static and high frequency properties of IMPATT devices by using the
above simulationmethod. The drift–diffusionmodel is used inmost of the simulation
methods for IMPATT devices in which one neglects the energy relaxation effects
of charge carriers. Dalle et al. [62] used both drift–diffusion and energy-relaxation
models to compare the accuracy of the twomodels with respect to the high frequency
properties of mm-wave Si IMPATT diode at 94 GHz. They observed that the RF
power level of the device estimated by those two models is comparable. However,
energy-relaxation model tends to underestimate both the efficiency and the negative
resistance of the device in comparison to the drift–diffusion model. Dalle et al. [62]
found from the energy-relaxation model that the fundamental properties of IMPATT
devices are not influenced by non-stationary effects.

Earlier, the authors have used classical drift–diffusion model to study the DC,
small-signal and large-signal properties of DDR IMPATTs based on different semi-
conductor materials such as Si, GaAs, InP, 4H-SiC, Wz-GaN and diamond (type-
IIb) designed to operate at different mm-wave and THz frequencies. A simulation
method based on Gummel-Blue [63] technique and developed by Roy et al. [57] has
been adopted by the author to study the small-signal properties of DDR IMPATTs
based on different semiconductors. This method is discussed in detail in Chap. 4.
The aforementioned method involves realistic field dependent ionization rates and
drift velocities. The material parameters used in the present simulation study are
given at a later section of this chapter. The velocity-overshoot in group III-V semi-
conductors (GaAs, InP, Wz-GaN, etc.) has also been included in the expression of
field-dependent velocity.

Small-signal analysis and simulation studies of IMPATTs provide first order
estimation of various high frequency properties of the device such as its negative
resistance, RF power output, DC to RF conversion efficiency, etc. But the small-
signal studies cannot accurately predict various high frequency parameters such as
avalanche resonance frequency, optimum frequency, negative resistance, RF power
output, DC to RF conversion efficiency, etc. Under actual operating condition, the
device is embedded in resonant waveguide cavity, and those parameters depend
strongly on the RF voltage swing. This dependence cannot be obtained from small-
signal analysis. Thus, large-signal simulation is essential for accurate estimation of
power and efficiency of the device.

A large-signal simulation method based on non-sinusoidal voltage excitation
(NSVE) model has been developed by the authors to study the microwave and mm-
wave properties of the device under realistic conditions. The authors have used the
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said method to study the effects of various physical factors such as junction temper-
ature, series resistance, skin depth, optical illumination, etc. on the RF performance
of Si DDR IMPATTs operating at different mm-wave and THz frequency bands
[64]. The authors have also studied the avalanche noise property of IMPATT diode
and its dependence on the level of optical illumination. The large-signal properties
of DDR IMPATTs based on type-IIb diamond and different group III–V semicon-
ductors such as GaAs, InP and Wz-GaN have been studied by using large-signal
simulation software [65, 66]. The validity of the large-signal program developed by
the authors has been tested by comparing the large-signal simulation results with
the corresponding experimental results. Further, the large-signal parameters tend to
the small-signal ones under the limiting condition of very small voltage modulation.
This also verifies the accuracy of the large-signal program.

In this chapter, the authors have presented the small-signal simulation method
based on Gummel-Blue approach [63] in detail which has been further developed to
study various RF properties of DDR IMPATT diode including the avalanche noise
performance. A large-signal simulation method based on NSVE model developed
by the author has been used to study the admittance, power output and conversion
efficiency of the device based on different semiconductors at mm-wave and THz
frequency bands. This method will be described in this chapter. Finally, the realistic
experimental values of material parameters of different semiconductors such as Si,
GaAs, InP, 4H-SiC, Wz-GaN and type-IIb diamond used in the simulation programs
are given at the final section of this chapter.

3 Device Models

The single-drift (SD) and double-drift (DD) IMPATTmodels are illustrated in Fig. 1a,
b. One-dimensional (1-D) models are sufficient for these two-terminal devices.

The net doping concentrations (i.e. N(x) = ND(x) − NA(x)) in different regions
of p+–n–n+ SDR IMPATT device are given by

Fig. 1 1-D model of a SDR
and b DDR IMPATT devices
where the computation starts
from the position of field
maximum
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N (x) = −Np+ exp
(−1.08λp(x) − 0.78λp(x)

2
)
x ≤ 0

= ND
[
1 − exp

(
x
s

)]
0 > x ≥ x1

= ND x1 > x ≥ Wn

= Nn+ exp
(−1.08λn(x) − 0.78λn(x)

2
)

x > Wn

, (1)

where ND is the donor concentration, Wn is the width of n-epitaxial layer and Nn+

and Np+p are the doping concentrations of n+- and +-layers. λn(x) and λp(x) are unite-
less quantities expressed as λn(x) = λp(x) = x

/
2
√

(Dtd), where D is a junction
formation/epitaxial growth parameter, td is the time of growth, and s is an changeable
parameter. The values of λn(x) and λp(x) as well asDtd can be varied to optimize the
doping profile of the diode. Doping profile may well represent a near abrupt doping
profile by properly choosing the parameters, λn(x), λp(x) and s. The parameter N(x)
associated with different regions of the doping profile of n+-n-p-p+ DDR IMPATT
device is given by

N (x) = Nn+ exp
(−1.08λn(x) − 0.78λn(x)

2
)

x ≤ 0
= ND 0 > x ≥ x1
= ND

[
1 − exp

(
x
s

)]
x1 > x ≥ x j

= −NA
[
exp
(− x

s

)− 1
]

x j > x ≥ x2
= −NA x2 > x ≥ W
= −Np+ exp

(−1.08λp(x) − 0.78λp(x)
2
)
x > W

, (2)

where NA is the acceptor concentration, Wp is the width of p-epitaxial layer, and xj
is the junction position.

4 DC Simulation Technique

The 1-Dmodel and energy band diagram [61] of DD IMPATT device (reverse biased)
considered in the simulation are shown in Fig. 2. The expression of mobile space
charge is included in the fundamental device equation, i.e. Poisson’s equation [67]
without assuming the depletion approximation [58, 59] as given below

dξ(x)

dx
= q

εs
(ND(x) − NA(x) + p(x) − n(x)), (3)

where ξ (x)—electric field at x, q = 1.6 × 10–19 C = electronic charge, p(x) —
hole concentration, n(x) —electron concentration, ND(x)—ionized donor density,
NA(x)—ionized acceptor density and εs—permittivity of semiconductor material.
The net impurity doping concentration at x is qN(x)= q(ND(x)−NA(x)). The electric
field due to mobile space charges ξ s(x) is given by
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Fig. 2 1-D model and energy-band diagram of a reverse biased DD IMPATT [61]

ξs(x) = ξ(x) − q

εs

∫
N (x) dx . (4)

The total bias current density is given by

J0 = Jn(x) + Jp(x) + ∂

∂t
(εsξ(x)) = q

(
vp(x)p(x) + vn(x)n(x)

)+ ∂

∂t
(εsξ(x)),

(5)

where Jp(x) and Jn(x) are the hole and electron currents. The expressions for hole
and electron concentrations at any space point x are given by

p, n(x) = J0 −
(

∂

∂t
− εsvn,p(x)

∂

∂x

)
ξs(x)

/
q
(
vp(x) + vn(x)

)
. (6)

The continuity equations are as given by

∂p(x)

∂t
= −

(
1

q

)(
∂ Jp(x)

∂x

)
+ GAp(x) + GTp(x) + γp(x) + Rp(x), (7)

∂n(x)

∂t
=
(
1

q

)(
∂ Jn(x)

∂x

)
+ GAn(x) + GTn(x) + γn(x) − Rn(x). (8)

The avalanche generation rate of electron–hole pairs GA(x) is given by
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GA(x) = GAn(x) = GAp(x) = αn(x)vn(x)n(x) + αp(x)vp(x)p(x) (9)

where αn(x) and αp(x) are the ionization rates of electrons and hole at x, respectively
[68]. The combined continuity equation of electrons and holes is given by

∂(p(x) + n(x))

∂t
+ 1

q

∂

∂x

(
Jp(x) − Jn(x)

) = 2(GA(x) + γ (x)) + GTn(x) + GTp(x).

(10)

The tunnelling generation rate of electrons is given by [69, 70]

GTn(x) = aT ξ 2(x) exp

(
− bT

ξ(x)

)
. (11)

The coefficients aT and bT in Eq. (11) are given by

aT =
(

q2

8π3η2

)(
2m∗

d

Eg

) 1
2

and bT =
(

1

2qη

)(
m∗

d E
3
g

2

) 1
2

, (12)

where md
*—density of state elective mass of charge carriers and Eg—bandgap. The

tunnelling generation rate of holes can be determined from Fig. 2, where GTp(x) =
GTn(x′). The relationship between x and x′ is given by

x = x ′
(
1 − Eg

E

)− 1
2

for 0 ≤ x ≤ x j , (13)

x = W − (
W − x ′)

(
1 + Eg

EB − E

)− 1
2

for x j ≤ x ≤ W, (14)

where E—energy measured from the bottom of the conduction band on the n-side
and Eg—vertical difference between x and x′ [61]. The particle current densities are

Jp(x) = qp(x)vp(x) − qDp

(
∂p(x)

∂x

)
, (15)

Jn(x) = qn(x)vn(x) + qDn

(
∂n(x)

∂x

)
, (16)

where Dn and Dp—diffusion constants. The diffusion current components are much
smaller in magnitude than the drift components in the drift layer of IMPATT diode.
Thus, the 2nd terms on the RHS of Eqs. (13) and (14) may be neglected. The
expressions for hole and electron current density are therefore given by
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Jp(x) = qp(x)vp(x) and Jn(x) = qn(x)vn(x). (17)

Under static condition, ∂n
/
∂t = ∂p

/
∂t = 0. Therefore, the continuity equations

can be expressed as

d Jp(x)

dx
= αn(x)Jn(x) + αp(x)Jp(x) + qGT

(
x ′)+ qγ (x), (18)

d Jn(x)

dx
= −αn(x)Jn(x) − αp(x)Jp(x) − qGT (x) − qγ (x). (19)

The normalized current density parameter is defined as P(x)= (Jp(x)−Jn(x))/J0,
where J0 = Jn(x) + Jp(x). By combining Eqs. (18) and (19) and then substituting
the above defined parameter, the following equation is obtained

∂P(x)

∂x
= (

αn(x) + αp(x)
)− (

αn(x) − αp(x)
)
P(x)

+ q

2J0

(
GT (x) + GT

(
x ′))+ 2q

J0
γ (x). (20)

The mobile space charge equation is obtained from Eqs. (18) and (19) [58, 59]

q
∂(p(x) − n(x))

∂x
= J0

(
αn(x)

vn(x)
+ αp(x)

vp(x)

)
− q

(
αn(x) − αp(x)

)
(p(x) − n(x))

+ q

(
GT (x)

vn(x)
+ GT x ′

vp(x)

)
+ qγ (x)

(
1

vn(x)
+ 1

vp(x)

)

+ ∂ξ(x)

∂x
K (x), (21)

The drift velocity is not saturated throughout the space charge layer since the
electric field near the edges of the layer is not high enough for velocity saturation.
This necessitates the introduction of a correction term K(x) which depends on the
type of base material. In case of Si, the empirical relationship is given by [71, 72]

vn,p(x) = vsn,sp

(
1 − exp

(
−μn,pξ

vsn,sp

))
, (22)

where vsp and vsn—saturated drift velocities. The correction factor is expressed as

K (x) = Jp(x)μp

vp(x)

(
1

vsp
− 1

vp(x)

)
− Jn(x)μn

vn(x)

(
1

vsn
− 1

vn(x)

)
, (23)

Velocity-field relation for electrons in Group III-V semiconductors [73] is given
by
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vn =
⎛

⎜
⎝

μnξ + vsn
(

ξ

ξc

)4

1 +
(

ξ

ξc

)4

⎞

⎟
⎠, (24)

where ξ c—electric field associated with peak velocity-overshoot. Therefore, the
correction factor is

K (x) = Jp(x)μp

vp(x)

(
1

vsp
− 1

vp(x)

)

− Jn(x)
(
3(1 − (vsn/vn(x)))(ξ(x)/ξc)

4 − 1
)

vn(x)ξ(x)
(
1 + (ξ(x)/ξc)

4
)

. (25)

In the present simulation method, Eqs. (3), (20) and (21) are concurrently solved
by 1-D finite difference method (FDM) subject to the boundary conditions of electric
field and normalized current density at the depletion layer edges. The computation
starts from the position of field maximum, x = 0, i.e. the edge of the n+-n interface
and continues up to the edge of the p-epitaxial layer, i.e. x = W.

The field boundary conditions at x = 0 and x = W (Fig. 1b) are

ξ(x = 0) = ξ(x = W ) = 0. (26)

Similarly, current the boundary conditions at x = 0 and x = W (Fig. 1b) are

P(x = 0) =
[(

2Jp(x = 0)

J0

)
− 1

]

P(x = W ) =
[
1 −

(
2Jn(x = W )

J0

)]

⎫
⎪⎪⎬

⎪⎪⎭
. (27)

The electric field profile, ξ (x) and normalized current density profile, P(x) in the
active layer of the device are thus obtained.

5 Small-Signal Simulation Technique

The expressions of p(x) and n(x), i.e. Equation (6) are substituted in Eqs. (8) and (9)
to obtain the time-dependent equation for small-signal simulation as follows [74]

(
D2

x − k(x)2 + (
αp(x) − αn(x) + 2rn(x)k(x)

)
Dx + 2α(x)k(x)

)
ξs(x)

= 1

v(x)εs

(
2α(x) − k(x)

)
J0 + qrp(x)GT (x) + GT x

′ + 2qrp(x)γ (x)
, (28)
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where v(x) = (
vn(x)vp(x)

) 1
2 , k(x) = (

v(x)
)−1

Dt , α(x) =(
αn(x)vn(x) + αp(x)vp(x)

)/
2v(x) rn(x) = (

vn(x) − vp(x)
)/

2v(x), rp(x) =(
vn(x) + vp(x)

)/
2v(x), and Dx ≡ ∂

/
∂x ; Dt ≡ ∂

/
∂t . Under small-signal

condition, Eq. (3.28) reduces to

⎡

⎢
⎣

D2
x − k(x)2 + (

αp(x) − αn(x) + 2rn(x)k(x)
)
Dx

+ 2α(x)k(x) − H(x) − qrp(x)

v(x)εs

(
G′
T (x) + G′

T
(
x ′))

⎤

⎥
⎦

e = 1

v(x)εs

[
(2ᾱ(x) − k(x)) j + 2qrp(x)γ (x)

]

(29)

where H(x) = (
2J0
/
v(x)εs

)
∂α(x)

/
∂ξ(x)+(∂/∂ξ(x)

)(
αp(x) − αn(x)

)
(Dxξs(x)).

The alternating components of ξ s(x) and J0 are e and j, respectively. Now the
boundary conditions can be evaluated from Eq. (3.29). In the p-drift region, total
current is

J0 = qvp(x)p(x) + Dt (εse). (30)

Here, qp(x) = Dx(εse). The boundary condition at x = W is obtained from
Eqs. (3.29) and (3.30) as follows

(
1

vp(x)
Dt + Dx

)
e = j

vp(x)εs
at x = W. (31)

Similarly, the boundary condition at x = 0 is

(
− 1

vn(x)
Dt + Dx

)
e = − j

vn(x)εs
at x = 0. (32)

Two second-order partial differential equations are formed in terms of real and
imaginary parts of the total device impedance Z(x,ω) as [61]

D2
x R(x, ω) + [

αn(x) − αp(x)
]
Dx R(x, ω) − 2rn(x)

(
ω

v(x)

)
Dx X (x, ω)

+
[(

ω2

v(x)
2

)

− H(x) − qrp(x)

v(x)εs

(
G ′

T (x) + G ′
T

(
x ′))R(x, ω)

]

− 2α(x)

(
ω

v(x)

)
X (x, ω) − 2

(
α(x)

v(x)εs

)

= 0, (33)
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D2
x X (x, ω) + [

αn(x) − αp(x)
]
Dx X (x, ω) + 2rn

(
ω

v(x)

)
Dx R(x, ω)

+
[(

ω2

v(x)
2

)

− H(x) − qrp(x)

v(x)εs

(
G ′

T (x) + G ′
T

(
x ′))

]

X (x, ω)

+ 2α(x)

(
ω

v(x)

)
R(x, ω) + 2

(
ω

v(x)
2
εs

)

= 0

.

(34)

The boundary conditions are given by

Dx R(x, ω) + ωX(x, ω)

vns
= −

(
1

vnsεs

)
and Dx X(x, ω) − ωR(x, ω)

vns
= 0 at x = 0, (35)

Dx R(x, ω) + ωX(x, ω)

vps
= −

(
1

vpsεs

)
and Dx X(x, ω) − ωR(x, ω)

vps

= 0 at x = W, (36)

Total device negative resistance (ZR(ω)) and reactance (ZX (ω)) for a particular
frequency (f = ω/2π ) and bias current density (J0) are then obtained from numerical
integration of the R(x,ω)- and X(x,ω)-profiles over the entire space charge layer of
the device, i.e. from x = 0 to x = W. Thus

ZR(ω) =
W∫

0

R(x, ω)dx and ZX (ω) =
W∫

0

X (x, ω)dx . (37)

The total device impedance is

ZD(ω) =
W∫

0

Z(x, ω)dx = ZR(ω) + i ZX (ω). (38)

The device admittance is

YD(ω) = 1

ZD(ω)
= G(ω) + i B(ω) = 1

(ZR(ω) + i ZX (ω))
. (39)

The negative conductance G(ω) and positive susceptance B(ω) are given by

|−G(ω)| = ZR(ω)/
(
ZR(ω)2 + ZX (ω)2

)

|B(ω)| = −ZX (ω)/
(
ZR(ω)2 + ZX (ω)2

)

]

. (40)



194 M. Ghosh et al.

The RF power output PRF from the device is obtained from

PRF = 1

2
(VRF )2

∣∣Gp

∣∣A j , (41)

where VRF—RF voltage given by VRF = mxVB. Here, mx—modulation index and
VB—breakdown voltage, |Gp|—peak negative conductance at optimum frequency
(f p), and Aj is the effective junction area of the device.

6 Noise Simulation Technique

Starting from the small-signal noise field, en(x,x′)= enr(x,x′)+ j eni(x,x′), two second
order differential equations in the real (enr(x,x′)) and imaginary (eni(x,x′)) parts of
the noise field en(x,x′) [74–78] are framed. These second order differential equations
are given by

D2enr
(
x, x ′)+ [

αn(x) − αp(x)
]
Denr

(
x, x ′)− 2rnω

v̄
Deni

(
x, x ′)

+
[
ω2

v̄2
− H(x) − qrp

v̄ε

(
G ′

T (x) + G ′
T

(
x ′))

]
enr
(
x, x ′)

− 2ᾱ(x)ω

v̄
eni
(
x, x ′) = 2qrpγ

(
x ′)

v̄ε
, (42)

D2eni
(
x, x ′)+ [

αn(x) − αp(x)
]
Deni

(
x, x ′)+ 2rnω

v̄
Denr

(
x, x ′)

+
[
ω2

v̄2
− H(x) − qrp

v̄ε

(
G ′

T (x) + G ′
T

(
x ′))

]
eni
(
x, x ′)

− 2ᾱ(x)ω

v̄
enr
(
x, x ′) = 0. (43)

Concurrent numerical solution of Eqs. (42) and (43) can be done [74–78] by using
Runge–Kutta method. The boundary conditions at x = 0 and x = W

[
− iω

vn
+ Dx

]
en
(
x, x

′) = 0 at x = 0, (44)

[
iω

vp
+ Dx

]
en
(
x, x

′) = 0 at x = W. (45)

The terminal voltage vt(x′) due to the noise source at x′, i.e.
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vt
(
x ′) =

x=W∫

x=0

en
(
x, x ′)dx . (46)

The transfer impedance is

zt
(
x ′) = vt

(
x ′)

in(x ′)
, (47)

where in(x′)—average current generated in the interval dx′ due to γ (x′) located at x′.
Now the mean-square noise voltage (‹vn2›) is [63]

〈v2n〉 = 2q2.d f.A j

∫ ∣∣zt
(
x ′)∣∣2γ

(
x ′)dx ′, (48)

The noise measure is given by [63, 79]

MN = 〈v2n〉/d f
4kBTj (−ZR − RS)

, (49)

where kB = 1.38 × 10–23 J K−1—Boltzmann constant, Tj—junction temperature of
the device in Kelvin (K) and RS is the series resistance of the device.

7 Large-Signal Simulation Technique

The time- and space-dependent device equations, i.e. Poisson’s equation, current
continuity equations and current density equations, are simultaneously solved subject
to appropriate boundary conditions by using 1-D FDM [80]. These equations are
given by

dξ(x, t)

dx
= q

εs
(ND − NA + p(x, t) − n(x, t)), (50)

∂p(x, t)

∂t
= −

(
1

q

)
∂ Jp(x, t)

∂x
+ GAp(x, t) + GTp(x, t), (51)

∂n(x, t)

∂t
=
(
1

q

)
∂ Jn(x, t)

∂x
+ GAn(x, t) + GTn(x, t), , (52)

Jp(x, t) = qp(x, t)vp(x, t) − qDp

(
∂p(x, t)

∂x

)
, (53)

Jn(x, t) = qn(x, t)vn(x, t) + qDn

(
∂n(x, t)

∂x

)
, (54)
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The avalanche generation rates are given by

GAn(x, t) = GAp(x, t) = n(x, t)αn(x, t)vn(x, t) + p(x, t)αp(x, t)vp(x, t), (55)

where αn(x,t) and αp(x,t) are the ionization rates and vn(x,t) and vp(x,t) are their drift
velocities of charge carriers as functions of x and t. The expression for band-to-band
tunnelling generation rate of electrons is given in Eq. (11). The boundary conditions
at x = 0 and x = W at time t are

ξ(x = 0, t) = ξ(x = W, t) = 0 (56)

P(x = 0) =
[(

2Jp(x=0)
J0

)
− 1

]

P(x = W ) =
[
1 −

(
2Jn(x=W )

J0

)]

⎫
⎬

⎭
. (57)

Time varying diode voltage (Vt(t)) and avalanche zone voltage are given by

Vt (t) =
W∫

0

ξ(x, t)dx and Va(t) =
xA2∫

xA1

ξ(x, t)dx . (58)

The DC values of the peak electric field (ξP), breakdown voltage (VB) and
avalanche zone voltage (VA) drop are obtained as

ξP = 1

T

T∫

0

ξp(t)dt, VB = 1

T

T∫

0

Vt (t)dt and VA = 1

T

T∫

0

Va(t)dt (59)

A non-sinusoidal voltage excitation (NSVE) method is adopted in the proposed
large-signal method. This voltage is given by

vr f (t) = VB

n∑

p=1

(mx)
p sin(2pπ fd t). (60)

The voltage-driven IMPATT oscillator is shown in Fig. 3, where C is the coupling
capacitor.

The large-signal program is run until the limit of one complete cycle (i.e. 0≤ ωt ≤
2π ) is reached. The simulation program is initially run for a number of consecutive
cycles to verify the stability of oscillation.A constant direct current source is assumed
to provide the necessary bias current density (J0). The amplitude of the fundamental
component of RF voltage is VRF = mxVB. The Fourier analyses of terminal current
(jt(t)) and applied voltage (vrf (t)) waveforms over a full oscillation cycle are carried
out to obtain their frequency domain information. If the large-signal admittance be
YD(ω), then the large-signal device impedance is obtained from
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Fig. 3 Voltage-driven
IMPATT diode oscillator and
associated circuit

ZD(ω) = 1

YD(ω)
= 1

[G(ω) + j B(ω)]A j
= ZR(ω) + i ZX (ω), (61)

where ZR(ω) and ZX (ω)—negative resistance and reactance of the device are given
by

ZR(ω) = G(ω)
[
G(ω)2 + B(ω)2

]
A j

and ZX (ω) = −B(ω)
[
G(ω)2 + B(ω)2

]
A j

. (62)

The RF power output is

PRF = 1

2
(VRF )2

∣∣Gp

∣∣A j , (63)

The large-signal efficiency is

ηL = PRF

PDC
. (64)

where PDC is the input DC power given by J0VBAj and J0 is the DC bias current
density. The flowchart shown in Fig. 4 illustrates the large-signal algorithm.

8 Material Parameters

Figure of merit (FOM) is a quantity used to characterize the performance of a device,
system ormethod relative to its alternatives. Inmaterial science, FOMs are often used
for a particular material in order to determine its relative utility for an application.
A comparison of expected theoretical performances (i.e. FOMs) of different semi-
conductor materials is shown in Table 1. All the FOM values of the semiconductor
materials are normalized with respected to the respective FOM values of Si in order
to obtain a better comparative investigation. It can be observed from Table 1 that
the WBG semiconductors such as 4H-SiC (Eg = 3.26 eV), 6H-SiC (Eg = 2.86 eV),
Wz-GaN (Eg = 3.40 eV) and diamond (Eg = 5.48 eV) clearly have much higher
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Fig. 4 Flowchart of the large-signal (L-S) simulation software

advantages like higher frequency of operation, higher switching speed, power dissi-
pation capacity, power-switching product, etc. Moreover, Table 1 shows that WBG
semiconductors excel their narrower bandgap (NBG) counterparts as regards the
above-said aspects.

8.1 Ionization Rates

The parameters used to describe impact ionization phenomenon are the ionization
ratesαn andαp for electrons and holes, respectively. Ionization rates of charge carriers
and its field and temperature dependences are important parameters which govern
the DC and RF properties of IMPATT devices. The ionization rate is defined as
the average number of ionizing collisions experienced by a single electron or hole
per unit distance of travel in the direction of the electric field [68]. The ionization
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Table 1 Figure of merit (FOM) test [81]

FOM Si GaAs 6H-SiC 4H-SiC Wz-GaN Diamond (C)

Johnson’s figure of merit (JFOM)
[81]

1.0 1.8 277.8 215.1 215.1 81,000.0

Baliga’s figure of merit (BFOM)
[82]

1.0 14.8 125.3 223.1 186.7 25,106.0

FET switching speed figure of
merit (FSFOM)

1.0 11.4 30.5 61.2 65.0 3595.0

Bipolar switching speed figure of
merit (BSFOM)

1.0 1.6 13.1 12.9 52.5 2402.0

FET power handling figure of
merit (FPFOM)

1.0 3.6 48.3 56.0 30.4 1476.0

FET power switching product
(FTFOM):

1.0 40.7 1470.5 3424.8 1973.6 5,304,459.0

Bipolar power handling capability
figure of merit (BPFOM)

1.0 0.9 57.3 35.4 10.7 594.0

Bipolar power switching product
(BTFOM)

1.0 1.4 748.9 458.1 560.5 1,426,711.0

rates of electrons and holes (i.e. αn and αp) in any semiconductor are exponentially
increasing functions of electric field. The electric field dependence of ionization
rates of electrons and holes in Si, GaAs, InP, Wz-GaN and type-IIb diamond can be
represented by the following empirical relation following Shockley’s model

αn,p(ξ) = An,p exp

[(−Bn,p

ξ

)m]
, (65)

where ξ is the electric field and the exponent, m is 2.0 for GaAs only, but for other
semiconductors, the exponent is 1.0. The ionization coefficients An,p and Bn,p for
Si are taken from the experimental results reported by Grant in 1973 [83]. These
coefficients were measured by Ito et al. in < 100 > GaAs for both low- and high-field
ranges [84]. The ionization coefficients in < 100 > InP have been reported by Kao
et al. [85] for the lower field range (2.5× 107–5.0× 107 Vm−1) andUmebu et al. [86]
for the higher field range (5.0 × 107–8.0 × 107 V m−1). The coefficients (An,p and
Bn,p) in Wz-GaN and type-IIb Diamond are obtained from the experimental report
of Kunihiro et al. [87] and Konorova et al. [88], respectively. The field variation of
carrier ionization rates in 4H-SiC is given by.

αn(ξ) =
(

ξ

An

)
exp

(−Bn

ξ 2

)
and αp(ξ) =

(
ξ

7

)
exp

[
−1

(
Apξ 2 + Bpξ

)

]

. (66)

The ionization coefficients,An,p andBn.p, in 4H-SiC are taken from experimentally
reported data ofKonstantinov et al. [89] for awide field range. Ionization rates of both
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types of charge carriers in a semiconductor are also rapidly increasing functions of
temperature. The carrier ionization rates in Si at different temperatures were reported
byGrant [83] for both lower andhigher field ranges. The following empirical relations
for the field and temperature variations of electron and hole ionization rates fit very
well with Grant’s experimental results.

αn(ξ, T ) = 6.2 × 107
[

exp

{

−
(
1.08 × 108 + 1.3 × 105(T − 22)

)

ξ

}]

αp(ξ, T ) = 2.0 × 108
[

exp

{

−
(
1.97 × 108 + 1.1 × 105(T − 22)

)

ξ

}]

for 2.4 × 107Vm−1 < ξ < 5.3 × 107Vm−1

, (67)

αn(ξ, T ) = 5.0 × 107
[

exp

{

−
(
9.90 × 108 + 1.3 × 105(T − 22)

)

ξ

}]

αp(ξ, T ) = 5.6 × 107
[

exp

{

−
(
1.32 × 108 + 1.1 × 105(T − 22)

)

ξ

}]

for 5.3 × 107Vm−1 < ξ < 7.7 × 107Vm−1, (68)

where T is the temperature in °C. The junction temperature of continuous-wave
(CW) IMPATT diode is preferably kept close to 500 K. This is why the ionization
coefficients of Si correspond to the junction temperature of 500 K in the present
simulation study. The ionization coefficients An,p and Bn,p in < 100 > oriented GaAs
was experimentally measured by Ito et al. [84]. These coefficients are determined
from the measured ionization rates at temperature of 500 K over the lower field range
of 2.5× 107 – 5.0× 107 Vm−1 by Kao et al. [85] and higher field range of 5.0× 107

– 8.0 × 107 V m−1 by Umebu et al. [86] in < 100 > oriented InP. The experimental
values of ionization coefficients of Si, GaAs and InP are available at 500 K and given
in Table 2. Simulation studies of IMPATT devices based on these semiconductors
are carried out at a junction temperature of 500 K. The reported values of ionization
coefficients of Wz-GaN, type-IIb diamond and 4H-SiC are available only at room
temperature of 300 K but not at 500 K. The simulation studies of IMPATT devices
based on those semiconductors are therefore carried out at room temperature (i.e. at

Table 2 Ionization coefficients of electrons and holes in Si, GaAs and InP at 500 K

Semiconductor
material

Field range, ξ
(×107 V m−1)

An (×109

m−1)
Bn (×109

V m−1)
Ap (×109

m−1)
Bp (×109

V m−1)

Si 2.40 – 5.30 0.0620 0.1340 0.2000 0.2190

5.30 – 7.70 0.0500 0.1250 0.0560 0.1540

GaAs 3.00 – 6.60 0.0184 0.0647 0.0184 0.0647

InP 2.50 – 8.00 0.7120 0.4070 3.5020 0.3852
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Table 3 Ionization coefficients of electrons and holes in Wz-GaN and type-IIb diamond at 300 K

Semiconductor
material

Field range, ξ
(×107 V m−1)

An (×109

m−1)
Bn (×109

V m−1)
Ap (×109

m−1)
Bp (×109

V m−1)

Wz-GaN 4.00 – 10.00 13.8000 1.4280 0.6867 0.8720

>10.00 12.2700 1.3630 0.3840 0.7950

Type-IIb
diamond

1.00 – 10.00 19.3500 0.7490 19.3500 0.7490

Table 4 Ionization coefficients of electrons and holes in 4H-SiC at 300 K

Semiconductor
material

Field range, ξ
(×108 V m−1)

An (V) Bn (×1017 V2

m−2)
Ap (×10–18

V−2 m2)
Bp (×10–10

V−1 m) *

4H-SiC 1.00 – 10.00 10.0000 4.0268 4.1915 4.6428

300 K) [87–89]. The values of An,p and Bn,p for Wz-GaN and type-IIb diamond are
given in Table 3, and those for 4H-SiC are given in Table 4.

8.2 Drift Velocities

The field dependence of electron and hole drift velocity of group IV semiconductors
such as Si and type-IIb diamond can be expressed by

vn,p(ξ) = vsn,sp

[
1 − exp

(−μn,pξ

vsn,sp

)]
. (69)

The values of saturated drift velocities of electrons and holes (vsn and vsp) in Si
are taken from the experimental data of Canali et al. [71]. The values of vsn and vsp
in type-IIb diamond are taken from both experimental and theoretical data reported
in [90, 91]. The negative differential mobility observed in the drift velocity versus
electric field characteristics of group III-IV semiconductors such as GaAs, InP [92]
and Wz-GaN [93] is taken into account in the computer simulation by using the
following empirical relation.

vn(ξ) =
[
μnξ + vsn

(
ξ
/
ξc
)4]

[
1 + (

ξ
/
ξc
)4] , (70)

The electron drift velocity attains a peak at a particular electric field called critical
field, ξ c before saturation at high field. The drift velocity versus field characteristics
of holes inGaAs, InP andWz-GaN are similar to those for Si as expressed in Eq. (67).
The electric field dependence of electron and hole drift velocity in 4H-SiC are given
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Table 5 Saturated drift velocities of electrons and holes in Si, GaAs, InP, Wz-GaN, diamond and
4H-SiC

Saturated drift velocity T = 500 K T = 300 K

Si GaAs InP Wz-GaN Diamond 4H-SiC

vsn (×105 m s−1) 0.6430 0.5000 0.6000 3.0000 1.5000 2.1200

vsp (×105 m s−1) 0.6340 0.5200 0.5680 0.7500 1.1700 1.0800

by [94]

vn,p(ξ) =
[

μn,pξ(
1 + (

μn,pξ
/
vsn,sp

)κ)

]1/κ

, (71)

where the value of the constant κ = 1.20. The drift velocities of the charge carriers
in a semiconductor are also strong functions of temperature. Carrier drift velocities
versus electric field characteristics of Si for different temperature were studied by
Canali et al. [71] in the year 1971. The empirical relations for the electron and hole
drift velocities in Si with electric field and temperature can be expressed as [71]

vn(ξ, T ) = 1.42 × 107 × T−2.42 × ξ
(
1 +

(
ξ

1.01×T 1.55

)0.0257×T 0.66
)

× (
1

0.0257×T 0.66

) , (72)

vp(ξ, T ) = 1.31 × 107 × T−2.20 × ξ
(
1 + (

ξ

1.24×T 1.68

)0.4600×T 0.17)× (
1

0.4600×T 0.17

) , (73)

where T is the temperature in Kelvin (K). The junction temperature of IMPATT
devices under CW operation are usually kept around 500 K by appropriate heat-
sinking arrangements. Thus, the saturated drift velocities of both types of charge
carriers (vsn and vsp) measured at 500 K are used in the simulation studies. The
reported values of vsn and vsp for Si, GaAs and InP at 500 K [71, 92] and for Wz-
GaN, type-IIb diamond and 4H-SiC at 300 K are given in Table 5. These parameters
are used in the simulation studies of IMPATT devices. The experimental data of vsn
and vsp for Wz-GaN, type-IIb diamond and 4H-SiC are not available at 500 K. This
has compelled the author to carry out simulation studies of IMPATT devices based
on the above materials at a junction temperature of 300 K.

8.3 Other Parameters

Table 6 shows some othermaterial parameters used in the simulation such as bandgap
(Eg), relative permittivity (εr), intrinsic carrier concentration (ni), effective density



On Some Modern Simulation Techniques for Studying THz ATT Sources 203

Table 6 Important material parameters of Si, GaAs, InP, Wz-GaN, diamond and 4H-SiC [95, 96]

Material
parameter

T =
500 K

T =
300 K

Si GaAs InP Wz-GaN Diamond 4H-SiC

Eg (eV) 1.0465 1.3271 1.2729 3.4691 5.4800 3.1934
¶ md

* (×m0) 0.1370 0.0370 0.069 1.5000 0.5700 0.7700
¶¶ εr 11.7000 13.1000 14.0000 10.4000 5.7000 8.5884

ni (×1013 m−3) 859.5800 3.2393 11.4280 3.6114 × 10–17 10–30 0.0161 ×
10–13

Nc (×1025 m−3) 6.9318 0.0965 0.1229 0.2234 10.0000 1.6887

Nv (×1025 m−3) 3.9131 2.0460 2.4597 4.6246 1.0000 2.4942

μn (m2 V−1 s−1) 0.0500 0.4000 0.2760 0.1000 0.2200 0.1000

μp (m2 V−1 s−1) 0.0180 0.0200 0.0090 0.0034 0.1800 0.0100

Dn (×10–4 m2

s−1)
11.0000 17.2000 11.9000 2.6000 57.0000 2.7100

Dp (×10–4 m2

s−1)
1.8900 8.6250 3.8812 0.8798 46.0000 2.5875

Ln (×10–6 m) 35.4000 70.0000 40.0000 6.5000 – 12.0000

Lp (×10–6 m) 10.0000 50.0000 25.0000 2.1000 – 1.5000

ξ c (×105 V m−1) – – 5.8000 11.0000 0.5000 – –

¶ m0 = 9.1 × 10–31 kg is the rest mass of an electron
¶¶ εs = εrε0 is the permittivity of the semiconductor material; where ε0 = 8.85×10−12 F m−1 is
the permittivity of vacuum

of states of conduction and valance bands (Nc, Nv), density of state effective mass
(md

*), mobilities (μn, μp), diffusion coefficients (Dn, Dp), diffusion lengths (Ln, Lp)
and electric field corresponding to the peak drift velocity (ξ c) of electrons in group
III-V semiconductors for Si, GaAs, InP, Wz-GaN, type-IIb diamond and 4H-SiC.
These parameters are taken from the available reports [95, 96].

9 Summary

Great demand of suitable THz sources requires optimized design and appropriate
simulation tool for designing and investigating the device capability at the design
spectrum before actual fabrication. Design and simulation of complex devices like
THz ATT diodes requires comprehensive and accurate simulation model for small-
signal, large-signal and noise simulation before the actual fabrication. This chapter
is devoted to summarize these three types of simulation methodologies for THz
ATT sources. Also, material properties of some promising materials for THz device
fabrication are also included in this chapter.
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Studies on Sub-Terahertz Performance
of Avalanche Transit Time Sources

Prajukta Mukherjee and Aritra Acharyya

Abstract This chapter describes the procedure of estimating the degree of
deterioration of the performance of avalanche transit time (ATT) sources due to
instantaneous tunneling effect. The comparative study of Si, InP, GaAs and 4H-SiC
ATT sources is presented. Tunneling-induced ATT phase delays in the oscillators
are estimated and the degree of deterioration of the oscillators are interpreted via the
estimated ATT phase delay at sub-terahertz frequency bands.

Keywords ATT phase delay · Sub-terahertz · MITATT · Tunneling

1 Introduction

ATT oscillators are the most powerful, efficient and popular solid-state sources for
millimeter-waveor sub-terahertz (30–300GHz) power generation [1–3].Most conve-
nient semiconductor material for fabricating IMPATT diodes is Si due to the exis-
tence of advanced technology associated with it [1, 4–7]. However, some group
III–V compound semiconductors such as InP and GaAs have also show immense
potentiality as base materials of IMPATT diodes especially operating at millimeter-
wave (mm-wave) frequency regime [8–10]. At the beginning of this century, a wide
bandgap (WBG) group IV–IVmaterial, 4H-SiC attracted the attention of researchers
for its extraordinary electronic properties. Some researchers have already made
attempts to utilize the potentiality of 4H-SiC as fabricating 4H-SiC IMPATT diodes
operating at microwave frequency bands [11, 12]. However, their attempts did not
achieve significant success as a result of the unavailability of high quality 4H-SiC
substrate at that time.However, several researchers have demonstrated the high power
delivery capability of 4H-SiC IMPATT sources (in the order of watts) via simulation
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experiments; while the power delivery capability of narrow bandgap (NBG) material
(e.g. Si, InP, GaAs, etc.) based IMPATT sources is limited to in the order of few
hundred milli-watts at mm-wave frequencies [13–16].

Since the IMPATTdiodes operate under high reverse bias voltage above the break-
down condition, generation of EHPs occur near the junction primarily due to the
charge multiplication due to the avalanche breakdown phenomena. However, in the
mm-waves IMPATT diodes, the thickness of the depletion layer narrowed down to
very low dimension, in the order of few sub-micrometers which, in turn, leads to very
high electric field near the metallurgical junction of the device. Therefore, the thin
depletion layer and high electric field originates ideal condition for direct band-to-
band tunneling generation of EHPs near the junction. Thus, in mm-wave IMPATTs,
EHPs are generated via two major processes, such as (i) avalanche generation and
(ii) band-to-band tunneling generation; that is why the mode of operation of the
device at these frequencies may be regarded as mixed tunneling avalanche transit
time (MITATT mode) [17]. Out of these two generation mechanisms, avalanche
generation introduces nearly 90° phase delay (known as avalanche delay) to the
generated charge carriers with respect to the applied voltage which is necessary for
the origination of negative resistance of the device required for IMPATT operation;
however, being an instantaneous phenomena, band-to-band tunneling fails to provide
the required phase delay to the charge carriers with respect to the applied bias voltage.
Therefore, overall phase delay of the generated charge carriers reduces below 90°
as a result of the band-to-band tunneling generation, which leads to reduction in the
magnitude of negative resistance as well as power output of the source. The degree of
tunneling generation increases significantly with increase of the frequency of opera-
tion of the device [17]. Thus the deterioration in the high frequency performance of
IMPATT sources further increases as the frequency of operation increases.

This chapter describes the procedure of estimating the degree of deterioration of
the performance ofATT (i.e., impact avalanche transit time (IMPATT)) sources due to
instantaneous tunneling effect. An in-house simulation code developed by the authors
based on self-consistent quantum drift–diffusion (SCQDD) model has been used to
study the above-mentioned effect on the IMPATTs at 94 GHz. The comparative
study of Si, InP, GaAs and 4H-SiC ATT sources is presented. Tunneling-induced
ATT phase delays in the oscillators are estimated, and the degree of deterioration
of the oscillators are interpreted via the estimated ATT phase delay at sub-terahertz
frequency bands.

2 Tunneling

One-dimensional (1-D) simulation model of a reverse double-drift (DD) IMPATT
device is illustrated in Fig. 1. The tunneling generation rate for electrons can be
expressed as [18–20]
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Fig. 1 1-D model and band-diagram of reverse biased DD IMPATT
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where Eg, m* and, q = 1.6 × 10–19 C are the bandgap, density state effective mass
and electronic charge, respectively. From the band-diagram shown in Fig. 1, the
tunneling generation rate of holes at x can be associated with that of electrons at x′;
the relation between the space points x and x′ can be obtained from

x
′ = x

(
1 − Eg

E

) 1
2

for 0 ≤ x ≤ x j (3)

x
′ = W − (W − x)

(
1 + Eg

EB − E

) 1
2

for x j ≤ x ≤ W (4)



212 P. Mukherjee and A. Acharyya

3 Design, Material Parameters and Simulation

Designs of the diodes are initially obtained from the formula of Sze and Ryder
[21]. The initial designs are modified and finalized for 94 GHz operation by using
a iterative simulation approach adopted from the small-signal model reported by
Gummel and Blue [22]. The SCQDD model is used to study the static as well as
high frequency performance of the sources at 94 GHz. The material parameters used
in the simulation are taken from the trustworthy published literatures [23–32]. The
effects of different quantum and classical phenomena have been incorporated in the
simulation program [17, 34–38].

4 ATT Phase Delay Shift Due to Tunneling

The amount of ATT phase delay shift due to tunneling is estimated from the mutual
shifts of negative resistivity peaks between the pure IMPATT mode and mixed
tunneling ATT (MITATT) mode. The ATT phase delay at p-side of a DD diode is
given by If the distances of the peaks from the junction on the p-side of ATT device
in the avalanche and mixed mode are xpa and xpm and the corresponding optimum
frequencies f a and f m, respectively, then the phase delays on the p-side of the device
at xpa and xpm for cases (i) and (ii), are obtained from the following relations:

φpa =
(
2πxpa fa

vps

)
, φpm =

(
2πxpm fm

vps

)
, (5)

where xpa and xpm are the position of the negative resistivity peaks at p-side in
IMPATT and MITATT modes, respectively, and f a and f m are the corresponding
frequencies. Likewise for n-side

φna =
(
2πxna fa

vns

)
, φnm =

(
2πxnm fm

vns

)
, (6)

where xna and xnm are the position of the negative resistivity peaks at n-side in
IMPATT and MITATT modes, respectively. If φpt and φnt are the transit time phase
delays, then the maximum power condition is given by φpa + φpt = φna + φnt = π .
The shifts of ATT phase delays (in MITATT device) due to the effect of tunneling
are determined from the following relations:
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δp = φpm − φpa onp − side, (7)

δn = φnm − φna onn − side. (8)

The overall ATT phase delay shift is given by,

δ = δp + |δn|
2

. (9)

5 Characteristics

The design parameters of the DD diodes are tabulated in Table 1. The junction
diameter of the diodes is chosen to be Dj = 35 μm for 94 GHz operation [5].

The variations of avalanche and tunneling generation rates with frequency in the
Si, InP, GaAs and SiC diodes are shown in Fig. 2. Rise of tunneling generation with
field is found to bemaximumGaAs diode andminimum in SiC diode; thus, the effect
of tunneling on the performance of the sources will be accordingly. Also, SiC diode
is found to be much higher field device as compared to others; it is obvious due to
its wider bandgap.

Spatial variations of both avalanche and tunneling generation rates in the diodes
are shown in Fig. 3. Internal distribution of avalanche and tunneling phenomena
can be clearly understood from these plots and also Fig. 3 provides better insight to
the comparison of avalanche and tunneling generation rates in the diodes than the
Fig. 2. Ratio of peak tunneling generation rate and peak avalanche generation rates
are listed in Table 2; which is also minimum for SiC diode. Thus, SiC diode must be
least affected by the tunneling phenomena.

Table 1 Design parameters

Base
material

Wn (μm) Wp (μm) ND (×1023

m−3)
ND (×1023

m−3)
Nn+, Np+ (×
1026 m−3)

J0 (×108 A
m−2)

Si 0.3900 0.3800 1.200 1.250 1.0 3.4

InP 0.3500 0.3520 1.600 1.600 1.0 1.4

GaAs 0.3200 0.3200 1.600 1.600 1.0 6.0

4H-SiC 0.5500 0.5500 3.500 3.500 1.0 5.0
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Fig. 2 Avalanche and tunneling generation rates versus electric field

5.1 Effect of Tunneling

Effects of tunneling on the static properties of the diodes are found to very nominal.
However, those effects are found to be significant on the high frequency properties.
A comparative study is presented in Table 3. Admittance characteristics and negative
resistivity profiles of the diodes in both IMPATT and MITATT modes are shown in
Figs. 4, 5, 6 and 7. It is observed that the high frequency performance of InP diode
is significantly affected by tunneling; and the least affected diode is SiC.

5.2 ATT Phase Delay Shift Due to Tunneling

Electron tunneling peak is generally attained near the p–n junction, while the hole
tunneling generation peak is slightly shifted at the p-side. As a result of that the shift
of negative resistivity profiles are observed to be having more right shift at p-side
than the n-side. The procedure described in Sect. 4 is used to calculate the ATT phase



Studies on Sub-Terahertz Performance of Avalanche … 215

Fig. 3 Spatial variations of avalanche and tunneling generation rates

Table 2 Ratio of the peak tunneling generation rate to the maximum avalanche generation rate of
the diodes

Base material Eg (eV) m* (Kg) f d (GHz) gTpeak (×1015 m−3 s−1) (gTpeak/gApeak)

Si 1.12 0.137 m0 95 0.5529 0.31

InP 1.35 0.093 m0 94 1.8019 1.59

GaAs 1.43 0.037 m0 96 2.6568 0.76

4H-SiC 3.23 0.390 m0 94 0.7822 0.21

*Rest mass of an electron, m0 = 9.11 × 10–31 kg

delay shift in the diodes due to tunneling. Results indicate the same observationwhich
was stated in the earlier section, i.e., the ATT phase delay is significantly shifted in
InP diode due to the highest level of tunneling, whereas said shift is minimum in SiC
diode (Table 4 and Fig. 8).



216 P. Mukherjee and A. Acharyya

Ta
bl
e
3

St
at
ic
an
d
hi
gh

fr
eq
ue
nc
y
pa
ra
m
et
er
s

Pa
ra
m
et
er

Si
fla
t-
D
D
R

In
P
fla

t-
D
D
R

G
aA

s
fla
t-
D
D
R

4H
-S
iC

fla
t-
D
D
R

IM
PA

T
T

M
IT
A
T
T

IM
PA

T
T

M
IT
A
T
T

IM
PA

T
T

M
IT
A
T
T

IM
PA

T
T

IM
PA

T
T

J 0
(×

10
8
A
m

−2
)

3.
4

3.
4

1.
4

1.
4

6.
0

6.
0

5.
0

5.
0

ξ
m
(×

10
7
V
m

−1
)

6.
01
25

5.
94
04

6.
74
99

6.
17
62

6.
01
92

5.
87
47

36
.1
24
7

35
.5
72
0

V
B
(V

)
24
.2
5

23
.6
4

28
.8
2

26
.7
1

22
.8
8

22
.0
3

21
2.
41

21
0.
35

η
(%

)
10
.6
2

10
.1
4

15
.9
0

14
.3
4

9.
89

9.
24

16
.4
0

16
.2
7

f p
(G

H
z)

95
11
7

94
13
2

96
12
3

94
10
3

G
P
(×

10
7
S
m

−2
)

−4
.3
41
9

−4
.1
67
6

−8
.2
45
6

−7
.7
17
4

−6
.0
28
7

−5
.6
97
1

−6
.2
25
0

−6
.0
68
7

B
P
(×

10
7
S
m

−2
)

6.
62
44

7.
79
04

6.
84
36

7.
85
99

8.
11
59

10
.1
45
0

12
.7
51
0

13
.7
70
0

Q
P

=
(−

B
P
/G

P
)

1.
53

1.
86

0.
83

1.
19

1.
35

1.
78

2.
05

2.
27

Z
R
(×

10
–8

�
m

2
)

−0
.6
92
1

−0
.5
34
0

−0
.7
18
1

−0
.6
36
0

−0
.5
89
8

−0
.4
20
8

−0
.3
09
1

−0
.2
68
0

P
R
F
(W

)
0.
31
92

0.
29
11

0.
85
63

0.
68
82

0.
39
46

0.
34
56

35
.1
07
0

33
.5
65
3



Studies on Sub-Terahertz Performance of Avalanche … 217

Fig. 4 Admittance characteristics

Fig. 5 Negative resistivity profiles Si DD diode
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Fig. 6 Negative resistivity profiles of InP and GaAs DD diodes

Fig. 7 Negative resistivity profile of 4H-SiC DD diode
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Table 4 ATT phase delay
shifts due to tunneling

Base material δ (×10–3 π rad.)

Si 130.2

InP 257.6

GaAs 169.4

4H-SiC 41.7

Fig. 8 Spatial distribution of electro and hole tunneling generation rates in Si DD diodes

6 Summary

This chapter describes the procedure of estimating the degree of deterioration of
the performance of IMPATT sources due to interband tunneling effect. An in-house
simulation code developed by the authors based on SCQDD model has been used
to study the above-mentioned effect on the IMPATTs at 94 GHz. The comparative
study of Si, InP, GaAs and 4H-SiC ATT sources is presented. Tunneling induced
ATT phase delays in the oscillators are estimated and the degree of deterioration
of the oscillators are interpreted via the estimated ATT phase delay at sub-terahertz
frequency bands. It is observed that the sub-terahertz performance of SiC diode is
least affected due to the tunneling as compared to the other diodes. Thus, the choice
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of wider bandgap material for fabricating IMPATT diodes should be prefer in order
to eliminate the tunneling induced deterioration of high frequency performance of
the oscillator.
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Search of a Suitable Heterojunction
Material System for Terahertz Wave
Generation

Aritra Acharyya

Abstract In this chapter, a comparative study is carried out to find out a suit-
able heterojunction material system for generating sub-terahertz and terahertz (THz)
power. Avalanche transit time (ATT) sources based on GaAs~AlxGa1–xAs, Si~3C-
SiC and GaN~AlxGa1–xN heterojunctions are simulated, and their performances are
compared at a wide range of frequency spectrum. Out of those potential heterostruc-
tures, GaN~AlxGa1–xN is found to be most suitable one for realizing THz ATT
oscillators.

Keywords ATT · AlGaAs · AlGaN · Heterojunction · SiC · Terahertz

1 Introduction

The ATT sources, especially impact avalanche ATT (IMPATT) oscillators, are gener-
ally noisy sources. Avalanchemultiplication is the predominant mechanism of gener-
ating both signal and noise. However, by using heterostructures, the noise level of
IMPATT sources can be significantly reduced [1, 2]. Also, the use of heterojunction
reduces the tunneling-induced deterioration of the high-frequency performance of
ATT sources [3].

On the other hand, the dimension of the ATT diodes shrinks exponentially with
the increase of frequency of operation [4]. At THz frequency bands, dimension
of the device shrinks to a few hundred nanometers [5, 6]. Due to the significant
downscaling of the device dimensions, the breakdown voltage, magnitude of nega-
tive resistance, power output, etc., of the source also fall rapidly with the increase
of operating frequency [7]. At the THz regime, the power output of double-drift
(DD) IMPATT source becomes a few tens of milliwatts (mW) [8]. However, the
rate of reduction of noise power per bandwidth (noise spectral density) in IMPATT
diodes with operating frequency is not as sharp as it is for the rate of reduction
in signal power. Therefore, the signal-to-noise ratio (SNR) becomes very small at
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THz frequencies and IMPATT sources effectively become a valueless random noise
source. Thus, in order to realize a low noise and efficient THz IMPATT source, the
use of heterojunction is indispensible.

In this chapter, a comparative study is carried out to find out a suitable hetero-
junction material system for generating sub-THz and THz power. Avalanche transit
time (ATT) sources based on GaAs~AlxGa1–xAs, Si~3C-SiC and GaN~AlxGa1–xN
heterojunctions are simulated, and their performances are compared at a wide range
of frequency spectrum. Out of those potential heterostructures, GaN~AlxGa1–xN is
found to be most suitable one for realizing THz ATT oscillators.

2 GaAs~AlxGa1–xAs Heterojunction IMPATTs

The group III–V compound semiconductor, GaAs, is the second choice material
(after Si) for fabricating IMPATT sources, since the 1970s [9–18]. However, due
to the limitations in the carrier transport in this material, GaAs IMPATTs cannot
operate efficiently beyond 200 GHz. In order to reduce the noise level, two types of
anisotype heterojunction GaAs~AlxGa1–xAs DD IMPATTs can be realized as shown
in Fig. 1. Here, AlxGa1–xAs is the wider bandgap material; therefore, the following
combinations are possible if one uses four values of Al mole fraction x = 0, 0.1, 0.2
and 0.3:

(i) n-GaAs~p-GaAs (HMDD) → for x = 0,
(ii) N-Al0.1Ga0.9As~p-GaAs (HTDD1) → for x = 0.1,
(iii) P-Al0.1Ga0.9As~n-GaAs (HTDD2) → for x = 0.1,
(iv) N-Al0.2Ga0.8As~p-GaAs (HTDD3) → for x = 0.2,
(v) P-Al0.2Ga0.8As~n-GaAs (HTDD4) → for x = 0.2,
(vi) N-Al0.3Ga0.7As~p-GaAs (HTDD5) → for x = 0.3,

Fig. 1 Types of homo- and
heterojunction DD diodes
based on GaAs~AlxGa1–xAs
system
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(vii) P-Al0.3Ga0.7As~n-GaAs (HTDD6) → for x = 0.3.

The large-signal characteristics of 60GHzDD IMPATTs having above-mentioned
structures are presented in this section. Admittance characteristics, power and effi-
ciency versus RF voltage and mole fraction plots are shown in Figs. 2, 3 and 4.
The results of small-signal noise analysis are shown in Figs. 5 and 6. Results purely

Fig. 2 Admittance characteristics

Fig. 3 a Power and b efficiency versus RF voltage plots
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Fig. 4 a Power and b efficiency versus Al mole fraction plots

Fig. 5 Noise spectral
density versus frequency
plots

indicate that heterojunction IMPATTs are more efficient and less noisy than the
homojunction counterpart. The best heterostructure device among these is found to
be N-Al0.3Ga0.7As~p-GaAs DD IMPATT.
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Fig. 6 Noise measure
versus frequency plots

3 Si~3C-SiC Heterojunction IMPATTs

Another very promising heterostructure is made of group IV–IV compound 3C-
SiC and most popular semiconductor material Si (group IV). Two possible types
of these anisotype heterojunction DD IMPATTs are based on N-3C-SiC~p-Si and
P-3C-SiC~n-Si; performance of these two structure base IMPATTs is compared with
Si and 3C-SiC-based homojunction DD IMPATTs at 94, 140, 220, 300 and 500 GHz
(Fig. 7). The results of large-signal and noise analysis are presented in the form of
graphs and plots in Figs. 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 and 18. The P-3C-SiC~n-
Si-based DD IMPATT oscillator is found to be the best one among all in terms of
both efficiency and noise performance.

Fig. 7 Model of Si~3C-SiC
heterojunction DD diodes
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Fig. 8 Electric field profiles of 94 GHz DD IMPATTs

Fig. 9 Breakdown voltage, avalanche voltage and peak electric field versus frequency plots of
94 GHz DD IMPATTs
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Fig. 10 Peak negative
conductance and susceptance
versus voltage modulation
factor plots of 94 GHz DD
IMPATTs

Fig. 11 Avalanche
resonance frequency and
optimum frequency versus
voltage modulation factor
plots of 94 GHz DD
IMPATTs

4 GaN~AlxGa1–xN Heterojunction IMPATTs

The GaN is the highest potential material in terms of THz capabilities. Two aniso-
type heterostructure DD IMPATTs such as P-Al0.4Ga0.6 N~n-GaN (HTDD1) and
N-Al0.4Ga0.6 N~p-GaN (HTDD2) are studies, and their performances are compared
with GaN and Al0.4Ga0.6 N homojunction DD IMPATTs at 1.0 THz (Fig. 19). The
static, large-signal and noise analysis results are presented in Figs. 20, 21, 22, 23,
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Fig. 12 Power output versus
voltage modulation factor
plots of 94 GHz DD
IMPATTs

Fig. 13 Efficiency versus
voltage modulation factor
plots of 94 GHz DD
IMPATTs

24, 25 and 26. It is observed that the HTDD1, i.e., P-Al0.4Ga0.6 N~n-GaN-based DD
IMPATT source, is the best heterostructure IMPATT among all in terms of highest
efficiency, power output and lowest noise level.
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Fig. 14 Power output versus
frequency plots

Fig. 15 Efficiency versus
frequency plots

5 Summary

In this chapter, a relative investigation is carried out to find out a suitable heterojunc-
tion material system for generating sufficient power at sub-THz and THz frequency
bands. Avalanche transit time (ATT) sources based on GaAs~AlxGa1–xAs, Si~3C-
SiC and GaN~AlxGa1–xN heterojunctions are simulated, and their performances are
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Fig. 16 Noise spectral
density versus frequency
plots of 94 GHz DD
IMPATTs

Fig. 17 Noise measure
versus frequency plots of
94 GHz DD IMPATTs

compared at a wide range of frequency spectrum. Out of those potential heterostruc-
tures, GaN~AlxGa1–xN is found to be most suitable one for realizing THz ATT
oscillators. Specifically, N-Al0.4Ga0.6 N~p-GaN material system is proved to be the
best choice for fabricating sub-THz and THz DD IMPATT sources.
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Fig. 18 Bar graphs showing
the improvement of noise
measure due to the use of
heterojunctions

Fig. 19 Types of homo- and
heterojunction DD diodes
based on GaN~AlxGa1–xN
system
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Fig. 20 a Breakdown voltage and avalanche voltage and b avalanche width versus bias current
density plots

Fig. 21 Admittance
characteristics
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Fig. 22 a Power output and b efficiency versus bias current density plots

Fig. 23 Power output versus RF voltage plots
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Fig. 24 Efficiency versus RF voltage plots

Fig. 25 a Noise spectral density and b noise measure versus frequency plots
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Fig. 26 Noise measure
versus bias current density
plots
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Applications of Si~3C-SiC
Heterostructures in High-Frequency
Electronics up to the Terahertz Spectrum

Monisha Ghosh and Arindam Biswas

Abstract Potentialities of semiconductor heterostructures based on Si~3C-SiC
material system for realizing high-frequency electronic devices extended up to tera-
hertz (THz) frequency spectrum are described in this chapter. Current mechanism
of Si~3C-SiC heterojunctions has been discussed concisely. Applications of this
heterostructure in different areas of electronics and optoelectronics like microelec-
tromechanical systems (MEMS), energy conversion, photodetection, light emission,
etc., have been discussed in this chapter. Lastly, the possibilities of realizing high
power THz avalanche transit time oscillators based on Si~3C-SiC heterostructures
have been discussed.

Keywords 3C-SiC · Heterojunction · Heterostructure · Si · THz

1 Introduction

A wide band gap material silicon carbide (SiC) performs significantly in high-
power and high-temperature electronics applications due to its high thermal conduc-
tivity and high breakdown electrical field. SiC has similar crystal lattice structure
as of silicon and diamond. Thus, SiC became a perfect semiconductor material
between silicon and diamond. SiC is also considered as the only stable group IV–IV
compound semiconductor, whereas no other combination of elements except C, Si,
Ge, Sn exists in a defined lattice. The silicon atoms in the SiC crystal are surrounded
by four carbon atoms in a tetrahedral arrangement or vice versa as shown in Fig. 1.
The side of the tetrahedral is equal to the lattice constant a, which is approximately

M. Ghosh (B)
Department of Electronics and Communications Engineering, Supreme Knowledge Foundation
Group of Institution, 1, Khan Road, Mankundu, Hooghly, West Bengal 712139, India
e-mail: monisha.ghosh@skf.edu.in

A. Biswas
Centre for Organic Spin-tronics and Optoelectronics Devices (COSOD) and Mining Engineering
Department, Kazi Nazrul University, Asansol, Burdwan, West Bengal 713340, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
A. Acharyya et al. (eds.), Generation, Detection and Processing
of Terahertz Signals, Lecture Notes in Electrical Engineering 794,
https://doi.org/10.1007/978-981-16-4947-9_16

239



240 M. Ghosh and A. Biswas

Fig. 1 Tetrahedron covalent
bond [2]

3.08 Å [1], and from geometrical considerations, the Si–C bond can then be calcu-
lated approximately to 1.89 Å. The Si–C bond is considered to be 88% covalent
and 12% ionic, where Si is believed to be charged more positively [1]. The silicon
and carbon’s atomic orientation is acquired by rotating tetrahedron by 180˚ along
its c-axis. The direction normal to the Si–C double-atomic layer is indicated by the
c-axis as shown in the figure. In each layer, the silicon (or carbon) atoms have close-
packed hexagonal arrangements. The silicon carbide crystal consists of two types
of tetrahedrons. If another tetrahedron is rotated 180˚ along its c-axis, then the first
one can be acquired, and when the c-axis is parallel to the mirror, the second one is
mirror image of the other. The direction normal to the Si–C double-atomic layers is
denoted by the c-axis. In each layer, the silicon (or carbon) atoms have close-packed
hexagonal arrangement. At the time when the tetrahedral bonding scheme of the
crystal is being maintained, each SiC bilayer can be located likely in any of the three
positions with respect to the lattice. Sites to arrange the Si–C double-atomic layers
can be of three kinds (A, B, and C), and each layer appears normal to the c-axis as
shown in Fig. 2.

The Si and C bonding of atoms in adjacent bilayer planes is of either zinc blende
(cubic) or wurtzite (hexagonal) nature depending on the stacking order. With respect
to nearest neighbors, zinc blende bonds are turned 60°, while as shown in Fig. 3,
hexagonal bonds are mirror images. A little altered atomic form is given by each kind
of bondswhichmakes a few lattice difference from the existing polytypes withmixed
bonding schemes, and also, it drops the overall crystal symmetry. These effects are
important when considering the substitution impurity incorporation and electronic
transport properties of SiC.

The purely cubic zinc blende structure, usually shortened as 3C-SiC (or beta SiC),
is realized when the stacking is ABCABC (Fig. 4). Letter “C” indicates the crystal’s
overall cubic symmetry, and the three-bilayer periodicity of the stacking is referred
by number “3”. The only likely cubic polytype is 3C-SiC. Rest of the polytypes are
likely to be combinations of the fundamental zinc blende and wurtzite bonds.

While 6H-SiC is two-thirds cubic, 4H-SiC is composed evenlyby cubic andhexag-
onal bonds. Amongmore than 200 polytypes, single-crystalline cubic silicon carbide
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Fig. 2 Atomic layers of SiC [3]

Fig. 3 Zinc blende and
wurtzite bond [3]

Fig. 4 Purely cubic 3C-SiC
polytype’s crystal structure:
All lattice sites (cubic
symmetry referred as “k”)
are equivalents [3]
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Table 1 Comparison chart for electrical properties of Si with SiC polytypes [6]

Properties Si 4H-SiC 6H-SiC 3C-SiC

Band gap energy (eV) 1.12 3.26 3.03 2.40

Relative dielectric 11.90 9.70 9.66 9.72

Saturation electron velocity 1.00 2.00 2.00 2.50

Intrinsic carrier concentration ( cm−3) 9.65 × 109 5 × 10–9 1.6 × 10–6 1.5 × 10–1

Thermal conductivity (W/cm K) 1.31 4.9 4.9 3.2

Electron mobility @ ND = 1016 cm−3

[cm2/Vs]
1430 900 (||c-axis)

800 ( c-axis)
60 (||c-axis)
400 ( c-axis)

800

Hole mobility @ NA = 1016 cm−3

[cm2/Vs]
480 115 90 40

Commercial wafer diameter (inches) 12 3 3 ?

Density (gm/cm3) 2.30 3.20 3.20 3.20

Melting point (°C) 1420 2830 2830 2830

Bond length (Å) 2.35 1.89 1.89 1.89

Physical stability Good Excellent Excellent Excellent

(3C-SiC) is drawing vital research interest because of its higher channel mobility
and lower energy band gap that make it the most suitable polytype for developing
electronic and optoelectronic devices [4]. 3C-SiC can be grown heteroepitaxially
on different substrate materials. Additionally, production of device-grade 3C-SiC
epilayers is being developed majorly in recent times. However, to decrease crystal-
lographic structural errors in 3C-SiC epilayers is crucial before this polytype turns
into a practical substitute to 4H- and 6H-SiC [5]. Table 1 shows the comparison
between various properties of SiC polytypes [6]. Single-crystalline silicon carbide
(3C-SiC) on the Si substrate has got momentous notices in recent years because of
its lowwafer cost and excellent mechanical, chemical, and optoelectronic properties.
The applications of the structure are mainly focused on piezoresistive and pressure
sensors, bio-microelectromechanical system, and photonics [7].

2 Electrical Properties of Si~3C-SiC Heterojunctions

Owing to the differing understanding of Si and C atoms within the SiC crystal lattice,
each SiC polytype reveals exclusive elementary electrical and optical properties. The
hetero-epitaxial growth of 3C-SiC on Si got vital interest for several decades due
to availability of Si material and well-developed Si-orientated MEMS processing
technologies. Because of its enormous energy band, exceptional mechanical prop-
erties, and higher chemical inertness, silicon carbide (SiC) is a potential material
for applications used in harsh environments [8]. 3C-SiC films, typically, grow on
Si substrates using low pressure/atmospheric pressure chemical vapor deposition



Applications of Si~3C-SiC Heterostructures in High-Frequency … 243

(LPCVD/APCVD) methods. SiC is amazing semiconductor to impart to silicon in
heterojunction diode, due to its high thermal conductivity, chemical stability, and
extensive band gap. Among existing SiC polytypes, only 3C-SiC has gainfully been
developed on silicon substrates at lower temperatures than the silicon’s melting point
[9, 10]. The current mechanism irrespective of external transverse stress on the 3C-
SiC [110] lattice orientation is reported in 2014 [11]. Due to the valance band offset
between Si and SiC, the current flow in the heterojunction due to tunneling through
the triangular barrier potential had been observed. When stress is enlarged from 0 to
308MPa, the applied stress produces little changes in tunneling current. It is observed
that increasing the voltage at 0.24V in forward bias gives 10%of themaximum stress
of 308MPa.After applying stress, tunneling current gets increased and it also changes
the out-of-plane effective mass and the effective tunneling barrier height of holes at
top sub-bands of p-type Si [11]. A couple of studies find that in SiC/Si structures the
space charge region is established by the relationship I~V1/2 [6], but a mechanism
of excess tunneling to explain V–I characteristics of n-3C-SiC/Si heterojunctions
is suggested by others [12]. The current density vs voltage characteristics at room
temperature of a heterojunction diode is shown in Fig. 5 [6]. J = J0 exp (qV /nkT ) is
the expression for forward bias current density (ideality factor n= 1.2). The forward
bias current is prevailing by diffusion, but holds a recombination segment, which
may happen at the SiC/Si interface. It is described by the specific ideality factor 1.2.
At room temperature, it is found that the reverse saturation current density J0 = 0.1
A/cm2 after expanding the temperatures leads to uncover an actuation energy for J0.
The diode has incredible characteristics of reverse blocking without apparent break-
down to 200 V, with current density 1.3 mA/cm2, and rectification ratio at ±1 V is
200,000.

Figure 6 [8] shows the temperature versus reverse current density at different
voltage points. The doping concentration of SiC is higher than that of the silicon.
Hence, in the siliconmost electric field changes occur near the interface. It is reported
that activation energy is reduced from 0.54 to 0.39 eV by increasing reverse bias from

Fig. 5 Forward and reverse
bias V–I characteristics of
n-3C-SiC/p-Si [8]



244 M. Ghosh and A. Biswas

Fig. 6 Reverse current
density measure at various
bias voltages [8]

5 to 40 V. Rather than simply trap-assisted thermal generation in the silicon depletion
region or at the SiC/Si interface, the current generation is happening via a multistep
mechanism at the SiC/Si interface. It is suggested by the mixture of temperature
and field dependence. Energy band diagram of ideal heterojunction with zero bias
conditions and with different values of 3C-SiC band gap and electron affinity gained
in 2002 [10] is shown in Fig. 7 [8]. A current mechanism consisting of an electron
tunneling from the valence band of silicon to a trap at the SiC/Si interface, followed
by thermal emission into the conduction band of the SiC, was proposed to clarify the
experimental results in reverse bias [8].

Fig. 7 n-3C-SiC/p-Si
heterojunction’s band
alignment diagram at zero
bias [8]
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The reverse bias current mechanism can be expressed by the relationships [13],
where thermal emission time constant is expressed as

τe = τe0 · exp
[
(Ec,SiC − Et)/kT

]
, (1)

where Ec,SiC is the SiC conduction band energy, Etis trap energy, τ e0 is constant, T
is temperature, and k is Boltzmann’s constant. Tunneling process time constant is
expressed as

τt = τt0 · exp[(�B)/Esi], (2)

where ESi is the electric field strength in the silicon at the heterojunction, �B is
the tunneling barrier height, and τt0 is a constant. So, total time consuming for this
two-step process is:

τ = τe + τt , (3)

For the trap energy which gives the minimum value of τ, the reverse current
density, Jr , will be:

Jr = (qNt )/τ, (4)

where Nt is trap density at that energy.

3 Optoelectronic Applications

For its stable and long-range ordered structures along with its optoelectronic prop-
erties, large thermal conductivity, hardness, and chemical reliability, SiC demands
attention of the researchers. The intermediate state insertion into the energy band gap
can potentially enhance the optoelectronic properties. Group-VIII transition metal
impurity sets up a deeper band into the host energy band gap for ferromagnetic and
antiferromagnetic spin alignments; this fact is reported in some cases. During a site
deformation around the impurities or aMott–Hubbard metal–insulator transition, the
intermediate bands could split into two sub-bands. It is evident that these effects or a
combination of them does not split the bands into energy band gap. So, more photon
absorption channels are opened up by these deeper bands and hence boost the solar
light absorptionwith respect to the host in solar cell devices [14].Wideband photode-
tectors those convert incident photon energy into electrical signals are necessary for
many applications including biomedical imaging, broadband optical communication,
multispectral image sensors, and smart cities [15, 16]. The heterojunction also gives a
high built-in potential, which is important to divide the photogenerated electrons (eph)
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and holes (hph) [17]. Consequently, the heterostructure shows an improved sensitivity
over a wide spectral range. Due to the distinct optical properties of 3C-SiC and Si,
the 3C-SiC/Si heterostructure could be an exceptional platform to expand broadband
photodetectors. If a heterostructure illuminates non-uniformly, a lateral photovoltage
generates parallel to the heterojunction [18]. The photovoltage originates from the
lateral movement of the photogenerated carriers from the laser spot and recombines
with the excited carriers away from the illumination point. The lateral photo effect
(LPE) is used to measure the laser spot position between two contacts as the photo-
voltage varies linearlywith the spot position andwhich is also sensitive to a very small
displacement [19]. The position-sensitive detectors (PSDs) havemany applications in
optical engineering, process control, and triangulation-based distance sensors where
precise automated control is essential. In 2018, at 1000 °C using epitaxial method of
low pressure chemical vapor deposition technique, 3C-SiC/Si-based heterostructure
photodetector operating in ultraviolet and visible spectrum has been developed [20],
and as a result in dark conditions, the detector gives a rectification ratio of 1.03× 103
and a reverse leakage current of 7.2× 10–6 A at 2 V. The reported device responsivity
are 5.4× 10–2 A/W for visible spectrum of wavelength 635 nm and 3.18× 10–2 A/W
for UV spectrum of wavelength 375 nm at 2.0 V reverse bias [20]. 3C-SiC-based
single-mode optical waveguides and ring resonators applicable for telecommunica-
tion wavelength and leverage post-fabrication thermal annealing to minimize optical
propagation losses were fabricated in 2020. Annealed optical resonators with yield
quality factors more than 41,000, exhibit the propagation loss of 7 dB/cm, which is
an improvement of 24 dB/cm as compared to the non-annealed chip [21].

4 THz Sources

Due to the improved noise performance, high frequency operation and high
power capabilities make 3C-SiC/Si an appropriate material for terahertz sources
like IMPATT diode. The Si~3C-SiC MQW DDR IMPATT diodes’ self-consistent
quantum drift-diffusion (SCQDD) mode developed by the authors was reported [22,
23]. Figure 8a, b shows the one-dimensional (1-D) n+–n–p–p+ structuredMQBDDR
IMPATT diode’s cross-sectional view and the resultant simulation model utilized for
the study [24].

Eighteen periods of MQWs which are made of alternative 3C-SiC and Si layers
form the MQB DDR IMPATT structures. For appropriate high frequency applica-
tions, asymmetrical doping profile is generally considered; in this case the doping
density of 3C-SiC quantum barrier layers are kept roughly double of the doping
density of Si layers [22, 23]. Si~3C-SiCMQWDDR IMPATT diodes’ design param-
eters are designed to operate at 94, 140, and 220 GHz and 0.30 and 0.50 THz as listed
in Table 2 [24].

Thematerial parameters of Si and 3C-SiC at room temperature, i.e., at 300K, have
been used in SCQDD simulation of Si~3C-SiCMQWDDR IMPATT diodes to work
at 94, 140, and 220 GHz and 0.30 and 0.50 THz frequencies [25–30]. According
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Fig. 8 a n+-n-p-p+ structured MQB DDR IMPATT diode’s cross-sectional view and b its resultant
1D mode [24]

Table 2 Design parameters [24]

Design parameters* 94 GHz 140 GHz 220 GHz 0.30 THz 0.50 THz

Wn (nm) 370 249 161 116 68

Wp (nm) 400 269 174 125 74

W1 (nm) 10.00 6.73 4.36 3.13 1.85

W2 (nm) 10.00 6.73 4.36 3.13 1.85

ND1 (×1023 m−3) 1.50 2.25 4.94 7.50 18.75

ND2 (×1023 m−3) 3.00 4.50 9.88 15.00 37.50

NA1 (×1023 m−3) 1.25 2.10 4.59 7.30 16.20

NA2 (×1023 m−3) 2.50 4.20 9.18 14.60 32.40

Nn+ (×1025 m−3) 5.00 5.00 5.00 5.00 5.00

Np+ (×1025 m−3) 2.70 2.70 2.70 2.70 2.70

Aj (×10–8 m−2) 9.6210 4.9090 3.1420 1.7670 0.7850

J0 (×108 A m−2) 6.00 10.24 25.59 43.24 97.06

whereWn is thickness of n-epitaxial layer,Wp is thickness of p-epitaxial layer,W1 is thickness of
quantum wells based on Si, W2 is thickness of quantum barriers based on 3C-SiC, ND1 is donor
concentration of Si layers at n-side, ND2 is donor concentration of 3C-SiC layers at n-side, NA1
is acceptor concentration of Si layers at p-side, NA2 is acceptor concentration of 3C-SiC layers at
p-side, Nn+ is donor concentration of n+-contact layer, Np+ is acceptor concentration of p+-contact
layer, Aj is effective junction area, and J0 is optimum bias current density
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Fig. 9 Flat Si DDR
IMPATTs and MQW DDR
IMPATTs’ efficiency with
operating frequency at
respective optimum current
densities [24]

to simulation result, Si~3C-SiC MQW IMPATT sources are capable to give notably
higher RF output power with significantly lower noise level at mm wave and THz
frequency bands comparing to conventional flat Si IMPATT sources. The variations
of RF power output and DC-to-RF conversion efficiency of flat Si DDR and MQW
DDR IMPATTs at unusual operating frequencies [24] are shown in Fig. 9. It is
observed from Fig. 9 [24] that MQW DDRs are capable to deliver quite higher DC-
to-RF conversion efficiency when comparing to flat Si DDRs at different frequencies
mentioned in Fig. 9.

5 Other Applications

Despite optical applications, Si~3C~SiC is also utilized in biomedical purposes with
particular importance for the most promising applications: in vivo glucose moni-
toring, biomedical implants for connecting the human nervous system to advanced
prosthetics, and MEMS/NEMS research aimed at allowing for in vivo diagnostic
and therapeutic systems for superior biomedical applications [31]. The generation
of hydrogen for fuel cells and other “clean energy” applications are global priori-
ties those have received an incredible amount of awareness during past decade [32].
3C-SiC has been reported as a popular photo-electrode for several reasons [33–35]:
3C-SiC is chemically stable and has a band gap of ~2.3 eV which is proper for
absorbing a part of visible spectrum.
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6 Summary

Potentialities of semiconductor heterostructures based onSi~3C-SiCmaterial system
for realizing high-frequency electronic devices extended up to THz frequency spec-
trum are described in this chapter. Current mechanism of Si~3C-SiC heterojunctions
has been discussed concisely. Applications of this heterostructure in different areas
of electronics and optoelectronics like microelectromechanical systems (MEMS),
energy conversion, photodetection, light emission, etc., have been discussed in this
chapter. Lastly, the chances of realizing high-power THz avalanche transit time
oscillators based on Si~3C-SiC heterostructures have been described.

References

1. Knippenberg WF (1963) Growth phenomena in silicon carbide. Philips Res Rep 18:161–274
2. Henrik P et al (2012) Chloride-based CVDgrowth of silicon carbide for electronic applications.

Chem Rev 112(4):2434–2453
3. Islam MR, Galib RH, Sarkar M, Chowdhury S (2018) Wide-bandgap semiconductor device

technologies for high temperature and harsh environment applications. In: Sharif (ed), Harsh
environment electronics. Interconnect materials and performance assessment, Chapter 1,Wiley
Publication

4. Foisal MAR (2019) Optoelectronic effects in 3C-SiC/Si heterostructure and applications, PhD
Thesis, School of Engineering & Built Environment

5. Pirouz P, Chorey C, Powell J (1987) Antiphase boundaries in epitaxially grown β-SiC. Appl
Phys Lett 50(4):221–223

6. Maity NP (2011) 4H-SiC semiconductor based metal oxide semiconductor devices. In: 2011
international conference on future information technology IPCSIT (2011), IACSIT Press,
Singapore 13, pp 1–4

7. Riduan A, Foisal M, Nguyen T, Dinh T, Nguyen TK, Tanner P, Streed EW, Dao DV (2019)
3C-SiC/Si heterostructure: an excellent platform for position-sensitive detectors based on
photovoltaic effect. Appl Mater Interfaces 11(43):40980–40987

8. Tanner P, Dimitrijev S, HarrisonHB (2008) Current mechanisms in n-SiC/p-Si heterojunctions.
In: 2008 conference on optoelectronic and microelectronic materials and devices, Sydney,
NSW, Australia, 28th July–1st Aug 2008, pp 1–4

9. Nagasawa H, Yagi K (1997) 3C-SiC single crystal films grown on 6-inch Si substrates. Phys
Status Solidi B 202:335–340

10. Chassagne T, Ferro G, Chaussende D, Cauwet F, Monteil Y, Bouix J (2002) A comprehensive
study of SiC growth processes in a VPE reactor. Thin Solid Films 402:83–89

11. Qamar A, Tanner P, Dao DV, Phan HP, Dinh T (2014) Electrical properties of p-type 3C-SiC/Si
heterojunction diode under mechanical stress. IEEE Electron Device Lett 35(12):1293-1295)

12. Karazhanov SZ, Atabaev IG, Saliev TM, Kanaki EV, Dzhaksimov E (2001) Excess tunneling
currents in p-Si-n-3C-SiC heterostructures. Semiconductor 35(1):75–77

13. Sze SM (1981) Physics of Semiconductor devices, 2nd edn. Wiley
14. Tablero C (2013) Optoelectronic application of the 3C-Silicon carbide with substitutional

VIII-Group atoms. J Phys Chem C 117(42):21949–21954
15. Periyanagounder D, Gnanasekar P, Varadhan P, He J-H, Kulandaivel J (2018) High perfor-

mance, self-powered photodetectors based on a graphene/silicon Schottky junction diode. J
Mater Chem C 6:9545–9551

16. Ovanesyan Z, Mimun LC, Kumar GA, Yust BG, Dannangoda C, Martirosyan KS et al
(2015) Depth-resolved multispectral sub-surface imaging using multifunctional upconversion
phosphors with paramagnetic properties. ACS Appl Mater Interfaces 7:21465–21471



250 M. Ghosh and A. Biswas

17. Li G, SujaM, ChenM, Bekyarova E, Haddon RC, Liu J et al (2017) Visible-blind UV photode-
tector based on single-walled carbon nanotube thin film/ZnO vertical heterostructures. ACS
Appl Mater Interfaces 9:37094–37104

18. Wallmark JT (1957) A new semiconductor photocell using lateral photoeffect. Proc IRE
45:47483

19. Wang X, Zhou Q, Li H, Hu C, Zhang L, Zhang Y, Zhang Y, Sui Y, Song B (2018) Self-powered
ultraviolet vertical and lateral photovoltaic effect with fast-relaxation time in NdNiO3/Nb:
SrTiO3 heterojunctions. Appl Phys Lett 112:122103

20. Foisal ARM, Dinh T, Tanner P, Phan HP, Nguyen TK, Iacopi A, Streed EW, Dao DV
(2018) Ultraviolet and visible photodetection using 3C-SiC, Si hetero-epitaxial junction. In:
Sustainable design and manufacturing 2018. KES-SDM, 2018 smart innovation, systems and
technologies 130. Springer, Cham.https://doi.org/10.1007/978-3-030-04290-5_22

21. Powell K, Ansari AS, Desai S, Austin M, Deng J, Sinclair N, Loncar M, Yi X (2020) High-Q
suspended optical resonators in 3C silicon carbide obtained by thermal annealing. Opt Express
28(4):STu3P.3

22. Ghosh M, Ghosh S, Acharyya A (2017) Self-consistent quantum drift-diffusion model for
multiple quantum well IMPATT diodes. J Comput Electron 15(4):1370–1387

23. Ghosh M, Ghosh S, Bandyopadhyay PK, Biswas A, Bhattacharjee AK, Acharyya A (2018)
Noise performance of 94 GHz multiple quantum well double-drift region IMPATT sources. J
Active Passive Electron Dev 13(2/3):195–207

24. Ghosh M, Biswas A, Acharyya A (2019) Terahertz radiators based on Si~3C-SiC MQW
IMPATT diodes. Nanosci Nanotechnol Asia 9:1–12

25. Electronic archive: new semiconductor materials, characteristics and properties. Available
from: http://www.ioffe.ru/SVA/NSM/Semicond/index.html. Last accessed on Apr 2021

26. Zeghbroeck BV (2011) Principles of semiconductor devices. Colorado Press, USA
27. Grant WN (1973) Electron and hole ionization rates in epitaxial silicon. Solid-State Electron

16:1189–1203
28. Canali C, Ottaviani G, Quaranta AA (1971) Drift velocity of electrons and holes and associated

anisotropic effects in silicon. J Phys Chem Solids 32:1707–1720
29. Bellotti E, Nilsson HE, Brennan KF, Ruden PP (1999) Ensemble Monte Carlo calculation of

hole transport in bulk 3C-SiC. J Appl Phys 85(6):3211–3217
30. Mickevicius R, Zhao JH (1998) Monte Carlo study of electron transport in SiC. J Appl Phys

83(6):3161–3167
31. Frewin CL, Reyes M, Register J, Thomas SW, Saddow SE (2014) 3C-SiC on Si: a versatile

material for electronic, biomedical and clean energy applications. MRS Online Proc Libr Arch
1693:178–192

32. Lipman T (2011) An overview of hydrogen production and storage systems with
renewable hydrogen case studies. Clean Energy States Alliance (2011). Available
from: https://www.cesa.org/resource-library/resource/an-overview-of-hydrogen-production-
and-storage-systems-with-renewable-hydrogen-case-studies/. Last accessed on Apr 2021

33. Ma QB, Kaiser B, Ziegler J, Fertig D, Jaegermann W (2012) XPS characterization and photo-
electrochemical behaviour of p-type 3C-SiC films on p-Si substrates for solar water splitting.
J Phys D Appl Phys 45:325101

34. Yasuda T, Kato M, Ichimura M, Hatayama T (2012) SiC photoelectrodes for a self-driven
water-splitting cell. Appl Phys Lett 101(5):053902

35. Song JT, Mashiko H, Kamiya M, Nakamine Y, Ohtomo A, Iwasaki T, Hatano M (2013)
Improved visible light driven photoelectrochemical properties of 3C-SiC semiconductor with
Pt nanoparticles for hydrogen generation. Appl Phys Lett 103:213901-1-4



Novel InAs/Si Heterojunction Dual-Gate
Triple Metal P-i-N Tunneling Graphene
Nanoribbon Field Effect Transistor
(DG-TM-TGNFET) For High-Frequency
Applications

Ritam Dutta and Nitai Paitya

Abstract The detail DC and AC analysis of a proposed novel Indium Arsenide
(InAs)/Silicon (Si) heterojunction-based dual-gate triple metal P-i-N tunneling
graphene nanoribbon field effect transistor (DG-TM-TGNFET) has been reported in
this chapter. The novel heterojunction-based TFET structurewith ultra-thin graphene
nanoribbon placed over silicon channel has produced better digital and analog/RF
performance, by means of which the proposed device can be useful for high-
frequency (Tera Hertz) applications. A thorough investigation of analog/RF perfor-
mance parameters viz. transconductance (gm), overall gate capacitance (Cgg), gain
bandwidth product (GBP) and cut-off frequency (f t) has been derived, simulated, and
compared with conventional all silicon homojunction-based dual-gate TFET struc-
tures. All simulation work has been performed by Silvaco simulator. The cut-off
frequency (f t) of DG-TM-TGNFET device has been observed as 0.349 THz which
is suitable for high-frequency applications.

Keywords TFET · DG-TM-TGNFET · Transconductance · Gate capacitance ·
GBP · Cut-off frequency · Silvaco

1 Introduction

Now-a-days, tunnel field effect transistors (TFETs) are envisioned as themost encour-
aging candidate for high-frequency applications. There have been several advance-
ments in CMOS technology found to be inculcated to surmount short-channel effects
(SCE) and controlled leakage current (IOFF). To cope up with continuous miniatur-
ization in nano-device channel lengths, it is the tunnel FETs that utilized Quantum
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Mechanical Effect (QME) for band-to-band tunneling (BTBT). Moreover, TFET
suffers poor drive current (ION). Therefore, many research works [1–6] to boost
ION in TFETs have been studied. With the advent of nanotechnology, several mate-
rials as well as device engineering have been performed in last few years to fulfill
the TFET limitations. Lower-energy band gap compound materials, i.e., Indium
Arsenide (InAs) at source for n-type TFET model has shown promising ON-state
current compared to homojunction materials [7, 8].

This chapter showcased a proposed n-type dual-gate triple material P-i-N
tunneling graphene nanoribbon FET (DG-TM-TGNFET) based on InAs/Si hetero-
junction at source–channel region, where the device performance has been thor-
oughly analyzed for DC as well as small signal performance for high frequency with
low-power applications.

2 Device Structure and Simulation Strategy

2.1 Device Description

The proposed DG-TM-TGNFET structure is showcased in Fig. 1 with ultra-thin
graphene nanoribbon placed over silicon channel. InAs/Si based heterojunction helps
to create better band to band tunneling (BTBT) at source–channel interface for our
n-type dual-gated TFET device model.

Fig. 1 Schematic view of proposed DG-TM-TGNFET
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Table 1 Typical device and
electrical parameters

Device parameters DG-TM-TGNFET model

Channel length (L) 20 nm

Effective oxide thickness—front
gate (toxf)

2 nm

Effective oxide thickness—back
gate (toxb)

2 nm

Channel thickness (tGNR) 10 nm

P+ source doping (NS) 1020 cm−3

N+ drain doping (ND) 1018 cm−3

Intrinsic channel doping (Nch) 1014 cm−3

Metal 1 work-function (Fm1) 4 eV

Metal 2 work-function (Fm2) 4.8 eV

Metal 3 work-function (Fm3) 4.5 eV

Gate–source voltage (VG) 0 to 1.5 V

Supply voltage (VDD) 0.5 V

The incorporation of triple metal with three different metal work-function
provides better drain current (ION), with optimized leakage current (IOFF) and steeper
subthreshold slope. High-switching ratio can be obtained by large ON-state current
and small leakage current. Typical device and electrical parameter for DC analysis
are being taken from recent established research works shown in Table 1.

2.2 Mathematical Analysis for TCAD Simulation Framework

The Poisson’s equation is generally used to analyze the surface potential variation
[9] along channel length. Here, for ease of calculations, two-dimensional parameters
have been taken in Eq. (1).

∂2ψ(x, y)

∂x2
+ ∂2ψ(x, y)

∂y2
= qNR

εGNR
for 0 ≤ x ≤ L, 0 ≤ y ≤ tGNR, (1)

where, ψ(x, y) is the electrostatic potential, εGNR is the permittivity of graphene
used as nanoribbon, q is the charge, and NR is the intrinsic doping concentration of
specified region. The total intrinsic channel length is termed as L has been segregated
as three distinct equally lengthen regions for using three metal contacts; therefore,
L = L1 + L2 + L3 and tGNR are the thickness of the channel. To obtain surface
potential at entire intrinsic channel surface, three regions have been approximated
mentioning R1, R2 and R3. Then, the Young’s approximation [10] has been applied
to obtain ψ(x, y) by assuming the boundary conditions. Now, the electric field can
be calculated from Eq. (2).
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Ex = −∂ψ(x, y)

∂x
and Ey = −∂ψ(x, y)

∂y
. (2)

And the total electric field would be:

E =
√
Ex

2 + Ey
2. (3)

For ease of mathematical calculations, the entire electric field has been assumed
as equally distributed. Therefore, Kane’s model [11, 12] has been utilized to obtain
the BTBT tunneling rate, using following mathematical equation.

GBTBT = AKane
(
ε/ε0)

P
) − e(−BKane/ε), (4)

where ε = dielectric material permittivity and ε0 = relative permittivity, P is the
process parameter [13]. AKane and BKane are tunneling dependent parameters. The
typical values of AKane and BKane are considered by default as 4 × 1014 cm−3 s−1

and 1.9 × 107 V/cm, respectively. Here, in our model, InAs is used at source, to
capitalize the direct band gap nature of this compound material. Now, integrating
BTBT tunneling rate the tunneling current (ID), i.e., drain current can be obtained
using following equation.

ID = q
∫

TFET -
Volume

{
AKane

(
ε/ε0)

P
) − e(−BKane/ε)

}
dv (5)

After getting the value of drain current, the transconductance (gm) can also be
found out using equation mentioned below.

gm = (dID/dV GS)VDS
(6)

The proposed DG-TM-TGNFET is designed using TCAD device simulator.
Shockley Read Hall (SRH) model is used to incorporate recombination effects. Band
gap narrowing (BGN) model is used for BTBT at source–channel interface of our
n-type device model [14, 15].
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Fig. 2 EBD Analysis of DG-TM-Si-TFET and DG-TM-TGNFET at Vgs = 1 V and VDD = 0.5 V

3 Results and Discussion

3.1 The Energy Band Diagram (EBD) Analysis

In our work, the energy bandgap analysis plays pivotal role in determining the BTBT
rate, as graphene material has been incorporated over the intrinsic channel. This
graphene layer is an edge-terminated graphene, known as graphene nanoribbons
(GNR) to easily tune the carrier transport gaps and improve the ON/OFF current ratio
(switching ratio). This technique is termed as quantum confinement effect which has
been effective in GNRs. Therefore, from the energy band diagram analysis, the B2B,
i.e., band-to-band tunneling window has been widened as shown in Fig. 2. The band
bending results due to the variation in gate to source voltage (V gs) from 0 to 1 V,
keeping supply voltage (VDD) as low as possible at 0.5 V.

3.2 Transfer Characteristics Analysis

Figure 3 shows the ID−VGS characteristics comparison between InAs/Si
heterojunction-basedDG-TM-TGNFETwith orthodox all silicon (Si) homojunction-
based DG-TM-Si-TFET model. At much lower supply voltage of 0.5 V, the steeper
slope, i.e., subthreshold swing (SS) becomes 19.92 mV/decade which is much lower
than the other. The ID has been recorded best at 1.12 × 10–4 A/μm and leakage
current (IOFF) = 1.11 × 10–16 A/μm. Here, the TFET with graphene nanoribbon
structure developed better subthreshold swing (SS) of 19.92 mV/decade compared
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Fig. 3 Transfer characteristics analysis of DG-TM-Si-TFET and DG-TM-TGNFET at VDD =
0.5 V

to orthodox all silicon homojunction-based TFET structure. Steeper slope ensures
fast switching ON from OFF state of the proposed transistor model.

3.3 Surface Potential and Electric Field Distribution Analysis

With variation in VGS from 0 to 1 V, keeping supply voltage as low as possible,
the potential distribution along the surface area of our model has been depicted in
Fig. 4, and compared with all silicon TFETmodel. The TCAD simulated results have
been validated with analytical data. Figure 5 shows a lateral electric field (e-field)
along x-axis channel to study short-channel effects. This confirms that the maximum
lateral e-field distribution happens at source–channel interface for our n-type TFET
device model. Higher e-field for DG-TM-TGNFET indicates higher BTBT rate at
source–channel interface of our n-type tunnel FET device model (Fig. 6).

Though, the electric field variation hardly observed in vertical y-axis direc-
tion. Since our proposed device model is a structure laterally grown, therefore, the
lateral electric field variation occurs much in comparison with vertical electric field
distribution analysis.
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Fig. 4 Surface potential variation of DG-TM-Si-TFET and DG-TM-TGNFET at VDD = 0.5 V

Fig. 5 Lateral electric field profile for InAs/Si heterojunction P-i-N tunneling DG-TM-TGNFET
keeping VDD = 0.5 V compared with DG-TM-Si-TFET

3.4 Small Signal Analysis

Now in this section, the proposed InAs/Si heterojunction-based DG-TM-TGNFET
device model’s small signal analysis has been investigated by analyzing analog/radio
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Fig. 6 Vertical electric field profile for InAs/Si heterojunction P-i-N tunneling DG-TM-TGNFET
keeping VDD = 0.5 V compared with DG-TM-Si-TFET

frequency (RF) parameters. In the above section, we have alreadywitnessed a consid-
erable improvement in the direct current (DC) performance of the proposed TFET
model. And due to channel length scaling (L = 20 nm) and deploying graphene
material in terms of nanoribbon over the intrinsic channel, a sharp spike in lateral
electric field has been identified. This results better tunneling current (ION) at source–
channel junction for n-type DG-TM-TGNFET model. In this section, our proposed
device model has been compared with dual-gated triple material all silicon TFET
model, which includes transconductance (gm), gate to drain capacitance (Cgd), gate
to source capacitance (Cgs), cut-off frequency (f t), gain bandwidth product (GBP)
and maximum oscillation frequency (f max).

All these figures of merits (FOM) have been evaluated at 1 MHz input frequency.
The overall gate capacitance (Cgg) must be less for better device analog perfor-
mance. For TFET devices, it has a miller capacitance, i.e., Cgd behaves like parasitic
capacitance at lower V gs and at higher V gs, it acts like an inversion capacitance [16].

3.4.1 Transconductance (gm) Analysis

Transconductance (gm) is defined as the ratio of small change in output current to
the small change in input voltage, i.e., gate voltage for TFET device. Now, after
establishing the DC biasing, the transconductance (gm) can be calculated from the
transfer characteristics graph (Fig. 3); where the change in drain current (ID) with
respect to change in gate voltage (VGS), keeping drain voltage (VDS) constant, can
be obtained using Eq. (6).
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Fig. 7 Transconductance analysis of DG-TM-TGNFET at 0.5 V supply voltage with varied VDS
(0.5–1 V) at 0.5 V supply voltage

The transconductance (gm) has been simulated and shown in Fig. 7. From the
graphical representation, it is to be noted that at VDD = 0.5 V and with varied drain–
source potential (VDS) from 1 to 0.5 V, and the subthreshold slope has got affected.
Therefore, a minute calibration of VDS can provide steeper slope with controlled
leakage current (IOFF). Our device model provides transconductance of 12.82 ×
10–5 S at VDS = 1 V and most importantly at considerably low-supply voltage of
0.5 V. Once the transconductance (gm) is obtained, now the cut-off frequency (f t)
[17] can be very well obtained from Eq. (7). The cut-off frequency is defined as the
frequency where the current gain becomes equal to unity.

ft = gm
2π(Cgs + Cgd)

, (7)

So, f t = gm
2πCgg

, (8)

where gm is the transconductance of the device;Cgs andCgd are the capacitance values
of gate-source and gate-drain regions, respectively. And the total gate capacitance
(Cgg) is the summation of Cgs and Cgd of our InAs/Si heterojunction dual-gate triple
material graphene nanoribbon based TFET model.
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3.4.2 Capacitance–Voltage (C–V) Characteristics

Now, small signal alternating current (AC) simulation can be performed by keeping
each gate bias of 1 MHz frequency source, from that the internal capacitances, i.e.,
Cgs and Cgd are extracted. Cgs and Cgd along with gm are employed to assess ft. It is
apparent [18] that lower the total gate capacitance (Cgg = Cgs + Cgd) and higher the
transconductance (gm) of TFET helps to attain superior high-frequency performance.

From Fig. 8, it can be observed that our device model, i.e., DG-TM-TGNFET
produces very lessCgs values with respect toCgd. Now,with variation in drain-source
voltage (VDS) ranging from 1 to 0.7 V, the typical Cgd can be lowered from 2× 10–16

F to 0.6 × 10–16 F at 0.5 V of supply voltage. The TFET with graphene nanoribbon
model can now be able to reduce the total gate capacitance (Cgg) with higher
transconductance (gm). The collective effort of rising gm with reducing Cgg uplift the
cut-off frequency. The DG-TM-TGNFET model delivers a cut-off frequency, f t =
0.349 THz at VDS = 0.7 V, VDD = 0.5 V, which can be utilized for high-frequency
applications.

GBP = gm
2π10Cgd

, (10)

Fig. 8 Capacitance–gate voltage (C–V) characteristics of InAs/Si Heterojunction DG-TM-
TGNFET device with varied VDS (0.7–1 V) at 0.5 V supply voltage
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fmax = ft
8π × Cgd × Rgd

. (11)

Moreover, the gain bandwidth product (GBP) andmaximumoscillation frequency
(f max) can be calculated from Eqs. (7) and (8), respectively. The f max is calcu-
lated from Eq. (11), and optimum value of gate to drain resistance (Rgd) has been
considered as 1.2 K� for calculate maximum oscillation frequency [16].

4 Summary

The proposed device structure of InAs/Si heterojunction-based P-i-N tunneling DG-
TM-TFET with graphene nanoribbon (DG-TM-TGNFET) has been undergone a
thorough DC and AC analysis, to make the model suitable for high-frequency appli-
cations. The ultra-thin graphene nanoribbon lapping over the channel bends the
conduction and valence bands to procure larger band-to-band tunneling (BTBT)
window. By using this device, physics and mathematical calculation used for analyt-
ical modeling of the proposed device, and the electrical parameter analysis has been
performed successfully. Where, larger spike has been observed in lateral electric
field distribution analysis of the proposed model. At much lower supply voltage of
0.5 V, the steeper slope, i.e., subthreshold swing (SS) becomes 19.92 mV/decade
which is much lower than the other. The ID has been recorded best at 1.12 × 10–4

A/μm and leakage current (IOFF) = 1.11 × 10–16 A/μm. In small signal analysis,
the transconductance plays key role in determining the analog performance of the
device. The DG-TM-TGNFET model provides transconductance (gm) of 12.82 ×
10–5 S at VDS = 1 V and VDD = 0.5 V and cut-off frequency of 0.349 THz at VDS =
0.7 V, VDD = 0.5 V, which can be utilized for high-frequency applications. The gain
bandwidth product (GBP) has been recorded as 40.8 GHz.
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Abstract The imperative development in the wireless technology leads to the enor-
mous research in least discovered range of terahertz (THz) frequencies. The spec-
trum for newer 5G technology and earlier generations of wireless communication
is positioned in millimeter/microwave regime. However, regular escalating demand
of high data speed requires the devices to work on higher frequencies. The nonion-
izing nature, low attenuation windows, and higher penetration properties makes THz
regime as the prominent candidate for future wireless communication. The THz
frequencies lie between microwave and photonic region in electromagnetic spec-
trum. The regular increasing demand of THz technology in various applications
like military, medical, spectroscopy, imaging, sensing, material characterization,
and communication makes it more attentive among THz research group. Most of
the application needs a means of wireless data transmission and reception, which
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is possible through the integration of antennas in the devices. The performance of
wireless systems depends on the optimal design of the antenna. In THz regime,
high path loss necessitates the designing of antenna with high-gain characteristic.
In last decade, numerous THz antennas are proposed even though many challenges
like suitable material selection, cost-effective design, precise fabrication, integra-
tion with existing device are still persist in this domain. The microstrip technology
is a better candidate for THz antennas due to its features like easier integration,
simple fabrication, low cost and light weight. Initially, this work provides a survey on
recent literatures on THz antennas, challenges, fabrication techniques and measure-
ment methods. Further, a microstrip antenna is presented for THz application. The
proposed antenna is designed and simulated using electromagnetic simulation soft-
ware HFSS. Finally, the chapter concludes the result of designed antenna and future
research possibilities for THz antennas.

Keywords Antenna gain ·Microstrip · Path loss · Terahertz antenna

1 Introduction

Future generation communication require ultra-high data rate, capacity, and hence
bandwidth (BW); as the expected number of wireless devices with internet connec-
tivity by 2025 is 75 billion, which is currently approximately 23 billion. The
augmented and virtual reality traffic is also expected to rise 12-fold by 2022 as
compared to 2017. Additionally, the dramatic advancement and increased number of
handheld wireless smart devices popularized themultimedia services among individ-
uals worldwide, which in turn increased the digital information and data consump-
tion as compared to wired system. The exponential growth in the wireless data speed
requirement, which is targeted towards terabits per second (Tbps) [1], urge to look
over the higher frequency regions in spectrum for future communication devices. The
mostly untouched terahertz (THz) region is gainingmore attention among researchers
due to its non-ionizing property. The THz spectrum sandwiched amidmicrowave and
photonic band is also capable of high penetration and potential of high-resolution
imaging [2].

In recent years, the THz imaging gets great attention in the applications like
medical, quality control, security, and non-destructive evaluation due to its non-
ionizing nature, which offers lesser damage compared toX-ray imaging to the human
body; and high resolution capability than microwave systems. The technological
trend noticed the design and development of the devices working in THz spectrum as
one of the promising fields of research due to its applications in wireless communica-
tion industry for high speed, semiconductor industry for detection of defect, pharma-
ceutical industry for analyzing dosage, weapon and explosive detection, biomedical
industry for noninvasive imaging, and so on [3, 4].Many researchers had reported the
involvement of THz technology in security screening, atmospheric and astronomic
spectroscopy [3], chemical detection [5], quality control in pharmaceutical industries
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[6], material research, and future radars and communication system [7]. The THz
energy transmission and reception through space or materials is possible through
the antenna, which makes it imperative component in THz technology. The regular
development and advancement in technology has made possible the THz generation
and detection [8–10]. This opens the door to work in previously inaccessible elec-
tromagnetic (EM) spectrum, which has great potential for radio astronomy, medical
imaging, and high-speed wireless technology.

This chapter covers a concise review of regular development and advancement
in the designing of THz antennas. Section 2 comprise of the challenges associated
with THz components, selection of the materials, fabrication process technologies,
measurement methods, and several antenna design technologies. A novel microstrip
patch antenna (MPA) structure with co-axial fed proposed for future technology is
discussed in Sect. 3. Finally, conclusive discussion and the future scope are presented
in Sect. 4.

2 THz Antenna Review

The antennas are vital part of anywireless devices due to its capability of transmitting
and receiving theEMsignals. The regular escalation in the demandof high data speed,
high resolution imaging, etc. needs to move in upper frequency spectrum. Due to
least touched, the THz regime is a very promising candidate for the future systems.
However, there are several challenges associated with the THz technology. Since last
two decades, the new materials are investigated for better working in this spectrum
with several fabrication and measurement methods. These are separately briefed in
this section with various available THz antenna designs.

2.1 Challenges

In last few years, numerous works had been done for the design and characterization
of THz antennas. However, the THz antenna design are facing various challenges as
compared to microwave antennas. It is well known that the device size is inversely
proportional to the frequency, and hence, the antenna size for THz band is highly
reduced, which limits the fabrication technology. Another challenge is the effective
radiation [11]. The material selection is also one of the major issues for development
of THz antenna. Even various process methods are available in literature, but none
are standardized yet [12]. The high precision manufacturing process is required for
both the antenna design as well as the integration of antenna with device circuit.
The antennas at THz frequencies are facing several challenges like high path loss,
costly fabrication process, and manufacturing tolerance due to very small size of the
THz antennas. The high path loss at THz frequencies needs high gain antennas [13].
The antenna integration with THz components is also one of the vital challenges
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[14] in THz technology. Though, there are also low loss windows in THz spectrum,
which can be utilized for effective THz transmission and to improve the reliability
of wireless link [15].

2.2 Material Selection

At THz frequencies, the conventional conductor/dielectric materials used for
millimeter/microwave devices depict increased losses, which in turn reduces the effi-
ciency and gain of the THz antennas. Hence, various new materials are investigated
and used in the designing of THz antennas. Copper is the most common conducting
material used in the previously reported THz antenna design. A comparison of copper
(Cu), carbon nanotube, and graphene materials for THz antenna design is reported
in different works [16]–[18] presented. This article presented a detailed analysis of
material properties of above said materials to justify the selection of the materials
for antenna fabrication. At THz frequencies, the conductivity of CNT is higher than
the copper, which made it more suitable. However, the graphene is best one at THz
due to its inherent material property, which supports very slow surface wave. The
superiority of graphene in terms of size miniaturization, reflection coefficient, and
directivity is further demonstrated by designing the traditional dipole antenna for
resonant frequency of 1 THz.

2.3 Fabrication Process Technology

In order to fabricate the THz antennas with high accuracy and precision, the
researchers have explored a number of different process technologies depending
upon the complexity and size of the structures. Conventional micromachining tech-
nique had been utilized in low-THz antenna fabrication [19]. However, new fabrica-
tion techniques are needed for full utilization of THz range. Laser chemical vapor
deposition (LCVD)micromachining technology [20] is presented for complex three-
dimensional (3D) antenna fabrication. Using LCVD, a complex 3D antenna array
can be directly developed over semiconductor substrate by growing carbon fibers
through laser focusing. For the fabrication of graphene-based THz Vivaldi antenna
[21], the CVDmethod is used to develop graphene sheet over arbitrary substrate [22].
Afterward, the graphene sheet is transferred to SiO2 substrate using polymethyl
methacrylate [23]. Further, focus ion beam (FIB) technology is used to etch the
unwanted graphene surface with the precision of nanometer size [24].

The THz Antenna illustrated in Fig. 1 with all-dielectric electromagnetic crystal
(EMXT) [25] is fabricated using 3D printing technique. The fast prototyping tech-
nology, polymer jetting [26] is used to fabricate this structure. The complex and
arbitrarily shaped structures can be fabricated using polymer jetting technique. The
process of the prototype fabrication can be summarized stepwise as:
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Fig. 1 a An all-dielectric EMXT-based horn antenna, b inner EMXT horn schematic [25]

(a) To import 3D geometry of antenna structure into CAD program and convert it
into layered slices.

(b) The actual antenna structure part is assigned as model material and other
regions as support material (which is water soluble and gives support to the
next slice).

(c) The data of each slice is sequentially sent to prototyping device, and then
deposition and ultraviolet curing of each layer of polymer is performed.

(d) Further, supportmaterial is washed away bywater jet with high pressure; which
leaves only the required prototype structure.

The 3D printing and FIB are very popular fabrication process technologies for
complex structure. For THz applications, a good and detailed review of the 3D
printing technology is presented in [27]. This review chapter also presents a compar-
ison table for several 3D printing technologies. The conventional fabrication tech-
niques uses etching process; however, the 3D printing system, which encompasses a
wide variety of additive manufacturing (AM) technique. Initially, 3D model is sliced
in very thin 2D layers using the software tool, further 2D slice are deposited layer by
layer using AM machine to create the designed object. General AM techniques are
categorized into seven categories namely vat photopolymerization, sheet lamination,
powder-bed fusion, material jetting, material extrusion, directed-energy deposition,
and binder jetting [28]. The Si-based micromachining [29] is another process tech-
nology, which includes lithography, laser milling, and mold replication. Many other
process technologies for THz application likemilling, discharge, electroforming, and
thick photoresist are well discussed and reviewed in [30].

2.4 Measurement and Characterization Methods

Due to the perturbation and low bandwidth limitation, the conventional measuring
system comprise of miniature antennas are not suitable for THz field measurements.
To solve these problems several characterization and measurement techniques are
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proposed in literature. The one solution to this issue is to use the electro-optic (EO)
crystals in the sensors for measuring electric field. A free space optics-based EO
sampling system [31] is used for detecting the THz pulses. In this system, the elec-
tric field is mapped by moving the antenna and fixing EO sensor at a particular
position. In reference [32], a realistic measurement scheme with EO sampling probe
is demonstrated, where EO sensor can be moved and also sensitivity is enhanced
by minimizing the polarization effect in optical cable. Here, polarization controller
elements are used in the EO probe. The optical elements used in the system, as
shown in Fig. 2, are fixed inside the cylinder. The photo-detectors (PDs) are used to
detect and convert the incoming signals into electrical, which is finally processed by
oscilloscope or spectrum analyzer.

Amethod of characterizing ormeasuring the radiation pattern of EMXTTHz horn
antenna is presented in [25]. For characterization, two photoconductive antennas are
used as receiver and transmitter, as shown in Fig. 3. The transmitting photoconductive
antenna with EMXT antenna is fixed on the automated rotation stage to keep their
relative positions unchanged.

A simple method for the impedance characterization of THz planar antenna is
detailed in [33]. As the port geometry of THz antennas is in micron/submicron
range; so, conventional probe characterization with large contact size is not possible.
Here, the indirect impedance characterization method is used for measurement by
using conventional probe at remote location on the plane of THz planar antenna.

For the characterization of on-chip dielectric resonator antenna (DRA) [34], a new
comparison technique is presented due to unavailability of THz on-chipmeasurement
systems. For demonstrating the gain enhancement of on-chip DRA as compared to
on-chip patch antenna, two identical CMOS imagers are designed and integrated
with these antennas individually. The comparison of the voltage responsivities at the
output of the imagers demonstrates the gain enhancement of DRA.

Fig. 2 The block diagram of EO sampling system [32]
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Fig. 3 Schematic for the far-field pattern measurement of EMXT THz horn antenna [25]

2.5 THz Antennas

At THz frequencies, the device size is very low and also it suffers from high atmo-
spheric attenuation. To overcome the attenuation problem, many design methods
are proposed to design antennas THz applications with increased gain. The size
and complexity of antennas restricts the fabrication and measurements. However, as
discussed, various methods are proposed by the researchers for the fabrication and
measurements. As the THz device fabrication and characterization methods are not
fully matured; many THz research groups have proposed only simulation and math-
ematical analysis of their designs. To improve the performance of THz antenna a
number of methods, materials, designs are proposed in last two decade. This section
reviews some of those THz antenna designs.

In reference [20], 3D helical antennas for 0.1–2.7 THz are demonstrated with
single element and array configuration. The carbon fiber-based antenna is developed
over three different substrates namely paper, steel, and silicon (Si) using LCVD tech-
nique. Here, a method to realize THz imaging device is also presented by fabricating
arrayed pairs of antenna-microbolometer on same substrate. In this chapter, antenna
is used as radiating element and MEMS microbolometer as THz detector.

A square spiral-shaped self-complementary antenna [35] over GaAs substrate
with Si hyper-hemisphere on rear side of the substrate is proposed for THz appli-
cation with high directivity. Like log-periodic and equiangular antennas [36], the
self-complementary configuration also shows the possibility of frequency-insensitive
antenna pattern and radiation resistance. This work presents a high value of radiation
resistance (vary between approximately 100–250 �) for 0.1–1 THz, which violets
the Booker’s formula.

The electronic band-gap (EBG)/photonic band-gap (PBG) techniques [25, 37,
38] are also incorporated in THz antenna designs to improve the performance of
the antennas. The EBG/PBG substrates are also incorporated in the implementa-
tion of THz antennas for better performance. The EBG/PBG substrates or crystals
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are repeated arrangement of conductive or dielectric structures, which control the
EM wave propagation for a range of frequencies depending upon the forbidden
gap. The periodic arrangement configuration defines one, two, or three dimensional
EBG/PBG. It suppresses the surface mode and redirects the radiation into substrate
towards air-side. This in turn improves the directivity, gain, and bandwidth perfor-
mance of the antenna. The work in [37] demonstrated the radiation efficiency, BW,
and gain improvement in THz patch antenna over three-layer substrate through PBG
in bottom substrate.

The EMXT as the substrate material for antenna had been employed [39] to
enhance the efficiency, directivity, and bandwidth by suppressing the radiation in
substrate side, substrate modes, and surface waves, as EMXT is a repeated arrange-
ment of dielectric/metallic structures and possesses EBG feature. An EMXT-based
highly directional horn antenna [25] for 0.1–0.19 THz frequency band is presented.
This THz antenna is all-dielectric structure designed by flaring the straight circular
EMXT waveguide into horn shape, as depicted in Fig. 1.

The photoconductive switch-based THz antennas [40] are proposed for high aper-
ture and radiation efficiency, and directivity. This literature presented and compared
simulation results of different photoconductive antennas. Here, the THz signal is
generated by exposing the laser beam of very small time period (in the range of
100 fs) to the semiconductor across photoconductive gap (switch region) in the pres-
ence of an external electric field (developed between dc and ground) across the gap.
In center-fed photoconductive dipole antenna [40], the legs of the dipole may work
as its dc bias lines. In this chapter, authors initially reported a solo bowtie antenna for
1 THz resonating frequency. For exposing the laser beam in photoconductive gap, a
cylindrical shaped structure is partially cut out through the substrate including ground
plane. Further, in order to increase the directivity, the groundof the antenna is replaced
by hemispherical Si lens. The directivity is further increased by integrating artificial
magnetic conductor (AMC). This simplifies the antenna structure as it removes the
hemispherical lens structure and becomes planar and hence reduces the fabrication
complexity. Here, the AMC comprise of low-temperature grown Gallium-Arsenide
(LT-GaAs) at the top of substrate, GaAs substrate and metamaterial-inspired struc-
ture consist of square loops at the ground. The incorporation of AMC had advantages
of increased directivity, reduced fabrication complexity, reduced vertical size, and
weight as compared to lens-based antenna, but it lowers the front-to-back ratio and
increases side lobe levels (SLL). The bowtie antenna as unit element is not a good
choice for THz array implementation, as the gain and impedance matching perfor-
mancewill decrease due to coupling between antenna elements on connecting ground
and dc bias lines together (in order to array formation). So, THz dipole antenna with
capacitive loading employing substrate-superstrate configuration is further intro-
duced as a single element of antenna array. The capacitive loading is done by incor-
porating four rectangular patches on ground and dc bias lines of unit element. To
reduce the coupling between antenna elements during array formation, the size is
purposely increased four times as compared to previously designed bowtie antenna.
Here, for efficient generation of electron–hole pair in photoconductive gap the cylin-
drical via partially through substrate including ground is modified to frustum shaped
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via too. Additionally, this work reported and compared the performance of the linear
array structure using capacitive loaded dipole elements, the capacitive loaded dipole
antenna array with meta-films, grid antenna, and grid antenna arrays.

A metallic lens-based antenna [41] for 0.4125 THz operating frequency is
reported, which is verified through simulation, fabrication, and measurement. The
antenna comprise ofH-plane horn, cavity,metallic lens (composedofmetallicwaveg-
uides), and pyramidal horn. The H-plane horn is used to feed EM wave to metallic
lens through small cavity. The widths of the metallic waveguides are kept different to
transform the radiation phase of horn uniform at radiation plane. As metallic milling
method is used to fabricate this antenna; hence, the three components namely feed
horn, cavity, and metallic lens are intentionally designed with uniform small height
to reduce the fabrication cost. To improve the radiation gain, a pyramidal horn is
further integrated to themetallic lens; whichwill expand the E- andH-plane radiation
apertures.

The graphene is also getting attention in the designing of THz antennas due
to its monolayer thickness, complex conductivity and tuning property. The mono-
layer thickness allows to model accurate infinite thin surface, and complex conduc-
tivity allows the slow wave plasmonic propagation. The expression for this complex
conductivity is given by Kubo formula, which depicts its dependencies on temper-
ature, potential, frequency, and transport relaxation time [42]. This in turn allows
employing graphene for reconfigurable/ tunable technologies.

In reference [43], the graphene is used as square patches for the first time in the
designing of THz reflect-array, which is designed for 1.3 THz operating frequency.
This reflect-array comprise of graphene patch elements (>25,000) over grounded
substrate of quartz. The complex conductivity of graphene provides better BW and
cross polarization performance with inter-element gap reduction. This work demon-
strated the viability of utilization of graphene for future reconfigurable low cost
reflect-arrays and highly directive antennas.

In reference [44], the tunable property of graphene is utilized in the designing of
reconfigurable THz antennawith dual-band performance for the resonant frequencies
of 4–5 and 6.5–7.5 THz. The reported antenna shows tunable range above 1 THz
and wide BW for the dual frequency. The antenna configuration employs microstrip
substrate over backing cavitywithmicrostrip line fed patch printed over the substrate.
The backing cavity patch [45, 46] enhances the performance of patch antenna in
terms of improvedmatching, enhancedBW, reduced coupling and suppressed surface
wave. The cross-sectional view of the reconfigurable dual-band patch antenna [44]
is depicted in Fig. 4.

Here, the graphene stack is embedded in the cavity substrate by separating
graphene sheets with Al2O3 layer. This stack connects the top and ground layer of the
cavity. Several graphene stacks are embedded within this cavity along the circle with
radii, Router. The electrostatic voltage is applied on the top and bottom layer of the
cavity, which is connected through Al2O3 layer of the stack. The tuning capability
of the graphene through change in electric field is used to implement the tunable
backing cavity, which in turn utilized in the designing of dual-band reconfigurable
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Fig. 4 Cross-sectional view of the topology of graphene stacked backing cavity-based THz antenna
[44]

antenna. The graphene stacks with different potentials in the reported antenna config-
uration may offer frequency and beam reconfiguration too. Graphene sheet is also
utilized for the implementation of THz reconfigurable leaky wave antenna (LWA)
[47]. The antenna cross-section topology is shown in Fig. 5. The reported LWA
comprise of substrate-superstrate, ground, graphene sheet and extremely thin poly-
Si layer. The graphene sheet and poly-Si layer are suitably placed inside the substrate
as depicted in the figure. The poly-Si layer works as gate electrode, which tunes the
conductivity of graphene based on the applied bias voltage. This chapter presented
the fixed frequency beam scanning via changing the bias potential. The effect of
graphene on the radiation and dispersion properties is also detailed with comparison
of graphene-based substrate-superstrate (GSS) and graphene-based planar waveg-
uide (GPW) structure. This study shows the superiority of GSS over GPW in terms
of scanning range and directivity.

A dual-band graphene-based patch antenna array [38] is designed for 0.9039 and
0.9908 THz resonant frequencies, with high radiation performance using PBG and

Fig. 5 Cross-sectional view of graphene-based reconfigurable leaky wave antenna in substrate-
superstrate configuration [47]
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dielectric grating techniques. The leaky wave can be realized from travelling wave
using the periodic dielectric grating [48] and the grating period (Gp) controls it.
In THz regime, the periodic grating with ground plane illustrates several beaming
performance. Figure 6 depicts the configuration of gratings with PBG substrate used
in the design of antenna array [38]. This work presented dependency of return loss at
resonating frequency on the grating period and performance improvement using the
grating structure. The antenna array configuration comprises of conducting ground
(first layer (at the bottom)), PBG substrate (second layer), periodic dielectric grating
(third layer), silicon dioxide substrate (fourth layer), and graphene patches with
microstrip line (both on the same plane at top layer (fifth layer)) for parasitic coupled
feed as illustrated in Fig. 7. Here, the 2D graphene (single layer) is transformed to 3D
by stacking 10 layers of graphene. The graphene is used as the material of microstrip
feed line and patches for the miniaturization of array antenna and due to its unique
material properties. The parasitic feed network reduces the structural complexity

Fig. 6 Topology of periodic grating over PBG substrate [38]

Fig. 7 Schematic of the
graphene-based antenna
array with PBG and
dielectric gratings [38]
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as well as the conductor loss, which in turn improves radiation performance and
impedance BW matching.

The accuracy of the imaging system is of utmost importance to precisely identify
the smaller objects like skin, water content, weapons, and explosives [49], which
needs the high-resolution image. The increase in resolution can be obtained by using
THz imaging technology with wide BW. The THz device with wider BW is also
a promising candidate to achieve more data rates for future wireless communica-
tion with high speed and quality. A graphene nonoribbon-based reconfigurable THz
antenna [50] is reported, which showswideband performance of 26% impedanceBW
at 1 THz center frequency. The antenna configuration is illustrated in Fig. 8. Here,
reconfigurability is achieved by using the tuning capability of graphene material and
applying the dc bias between top graphene nanoribbon-based patch (comprise of
stack of 10 graphene layers) and polysilicon layer as depicted in Fig. 8. The ring
structured patch is used in order to get increased BW. The rectangular double ring
structure is used in this work, which resonates at two frequencies and hence further
widens the BW of the antenna with efficient radiation.

A reconfigurable Vivaldi antenna [21] for THz application is also reported, which
is designed by using graphene in place of metal at the top of SiO2 dielectric. The
feeding is done by microstrip line at the bottom of the substrate, which is terminated
in a radial sector. Further, a novel graphene-metal-based hybrid structure is used
in place of graphene at the top. This reduces the reflection coefficient; however, it
demonstrates enhanced antenna gain and radiation efficiency.

The portable electronic devices are need of current era, which requires the inte-
gration of THz systems on the device. The CMOS technology has the potential to
solve this problem and is a good candidate for lightweight on-chip THz devices.
The THz antenna is one of the critical components of THz devices, and nowadays,
many researchers are working in the designing of on-chip THz antennas. The simple
on-chip patch antenna shows very low gain, which is due to very low separation
between the patch and ground conductor. This in turn tightly bounds the EM fields
and restricts effective radiation from the antenna. A low-cost DRA is proposed to
enhance the gain of on-chip THz antenna [34]. A low loss and high impedance or

Fig. 8 Reconfigurable graphene nanoribbon-based THz antenna schematic [50] with bias potential
Vg
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Fig. 9 Aperture excited on-chip antenna element for array design [51]

resistivity Si material is used as the dielectric resonator (DR). The desired EMmode
is excited through on-chip patch feeding realized in CMOS technology (0.18-µm).
Here, higher order mode is excited (not fundamental mode) to increases the thickness
ofDR,which helps tomake the fabrication feasible bySiwafer dicing technique. This
enhances the gain of the antenna. The antenna efficiency is increased by including
the ground plane to prevent the leakage of EM Field into lossy Si CMOS substrate.
Further, this work demonstrated the THz transmissive imaging system by employing
the CMOS imager integrated DRA.

The low profile, high gain Si-based on-chip antenna array for sub-THz appli-
cation with simple design topology is investigated and verified through fabrication
and measurements [51]. The reported array illustrates peak radiation efficiency and
gain at 0.3 THz. The topology of unit element of the array is depicted in Fig. 9,
which comprise of an open circuited metallic slot line sandwiched between two
substrates namely Si and polycarbonate, a microstrip line (open ended) at the bottom
of Si substrate placed orthogonal relative to conductive slot line, and two radiating
patches (circular and rectangular) at the top of polycarbonate. The two patches are
used in order to achieve circular polarization. The array is developed by using 15
unit elements over extended slot line with an orthogonally placed microstrip line at
the center. Here, the high gain is realized by using aperture fed technique through
conductive slot line to excite the antenna. Initially, microstrip line at the bottom of
Si layer is excited, which couples the EM energy to slot line. Further, the signal is
coupled to patch array through slot line. As part of the fabrication process, the sputter
deposition technique is used for the conducting layers, and thermal compressionwith
controlled annealing temperature to avoid fracturing is used for bonding substrates
together.

In reference [52], CMOS integration compatible LWAs are presented for wide-
band operation. The antennas are double leaky slot lens antennas.Onewith center-fed
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Fig. 10 Series fed MPA
array configuration [55]

configuration, which is operating over 0.2–0.6 THz, and other one is coplanar waveg-
uide fed operates over 0.25–0.5 THz, which is developed for performance verifica-
tion through fabrication and testing. Although, several designmethods are developed
and reported for the designing of antennas for THz appliances. However, considering
several challenges in the THz antenna design, the microstrip patch antennas (MPA)
looks one of the better candidates due to its easier integration and fabrication. In
last few years, many MPAs are reported for THz application. In references [53] and
[54], MPAs are successfully fabricated using simple etching process and tested up to
0.1 THz. The MPA array [55] comprises of series fed five symmetrical rectangular
patches as shown in Fig. 10 is designed and reported for medical application. The
liquid crystalline polymer is used as the substrate for designing this MPA. For cancer
and vital sign detection, the MPA array is developed with resonating frequencies of
0.635 and 0.835 THz. For verification of the design approach used here is further
done by fabricating and testing the prototype at 0.1 THz.

3 Proposed Patch Antenna

Initially, a simple circular patch structure, shown in Fig. 11, is designed for THz
application. The substrate chosen for the antenna design is FR4 epoxy with the
thickness (Hs) of 0.138 mm. The structure is fed with coaxial feeding technique and
feeding point location is the center of the circular patch. The internal radius of probe
and external radius of coaxial cable are 0.07 mm and 0.16 mm, respectively. The
optimized value of radius of the circular patch is obtained as R1 = 0.14625 mm for
the resonance at 0.3 THz, which comes in low attenuation window of THz spectrum.
The dimension of both W s and Ls depicted in Fig. 11 are 0.6 mm.

This structure is simulated through HFSS software and the result of return loss
(S11) is shown in Fig. 12. The S11 plot illustrate that the goal of antenna design are
not met with it, and the return loss is above −8 dB. So, the efficient radiation will
not take place.

Further, in order to achieve good return loss, VSWR and gain, a novel patch
configuration is proposed for the THz antenna design. The proposed configuration
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Fig. 11 Top view of circular
patch antenna

Fig. 12 S11 parameter plot
for the circular patch antenna

is achieved by etching out some portion from the conventional circular patch. The
modification in design resulted in oppositely connected symmetrical circular strips
to a circular patch as shown in Fig. 13a. Its 3D view as designed in the simulation
software with coaxial feed is depicted in Fig. 13b. The circular strips in the figure
are designated by outer radii R1 and inner radii R2. The outer arc length (A) of these
strips can be calculated by using Eq. (1).

A = spanning angle × R1 (1)
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Fig. 13 Proposed THz antenna configuration a top view, b side view of the proposed structure

In the proposed design, R1, W s, Ls, Hs, and the radii of coaxial cable and probe
are kept same as for circular patch antenna. The other parameters in the proposed
design are R2 = 0.11625 mm, R3 = 0.10375 mm, and W = 0.03 mm.

The simulated S11 plot of proposed antenna with different arc lengths is shown
in Fig. 14. Three different arc lengths (A) are considered here to demonstrate the
dependency of resonant frequency on it. It is obvious from the figure that the increase
in the arc length decreases the resonant frequency with slight change in return loss;
hence, one can control the resonant frequency by varying the arc length. For all the
three lengths, the return loss is well below −30 dB with −10 dB BW in the range

Fig. 14 Simulation result of
proposed THz antenna with
variation in arc length of the
circular strip
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Fig. 15 Simulated results of proposed THz antenna for outer arc length, A = 0.23 mm for 0.392
THz resonant frequency a radiation pattern, b VSWR plot, c 3D gain plot

of 0.1 THz. The resonant frequencies for A = 0.115 mm, 0.23 mm, and 0.345 mm
are 0.48 THz, 0.392 THz, and 0.345 THz, respectively. For the configuration shown
in Fig. 13a, i.e., A = 0.23 mm, the radiation pattern, VSWR, and 3D gain plot are
illustrated in Fig. 15a, b, and c, respectively. These show the VSWR of 1.2 and
peak gain of 8.2917 dB at the resonant frequency 0.392 THz, which illustrates very
efficient radiation from the proposed antenna configuration.

4 Summary

This chapter reviewed and explored several THz antenna designs and methods used
in challenges, material selection, fabrication process technologies, and characteri-
zation methods. The size of the antenna is fraction of wavelength of the signal to
be transmitted or received, and the wavelength is inversely proportional to the oper-
ational frequency. That is, the increase in frequency reduces the dimension of the
antenna. At THz frequency, this size is in the range of micro/nano- meter, and for
this antenna size, it is very difficult to fabricate and characterize the designed THz
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antennas with available conventional technologies. The integration of the antenna
with the THz devices is also a challenge. Several solutions are presented and demon-
strated by the researchers in past to solve these problems. Though, none of the process
and characterization technology is standardized yet. The regular advancement in 3D
printing/AM technology for themanufacturing looks to solve the fabrication problem
and expected to provide low cost solution with high precision in future. Thematerials
properties like dielectric constant, conductivity, and losses are also changed at these
frequencies which needs the incorporation of new nanomaterials for the THz antenna
designs. Out of the severalmaterials, the graphene as conductor and SiO2 as dielectric
seems a competitive contender for future THz technology due to their better material
properties at THz frequencies. Also, the graphene shows its capability of tuning the
complex conductivity by using dc bias circuit, which is utilized in various works
for the reconfigurability. The MPA incorporating the graphene as conductor, SiO2 as
dielectric and EBG/PBG patterns at the ground may be a contender for its employ-
ment in future THz devices due to its planar configuration, which provides simple
and low-cost fabrication. This is also emerging as a popular technology for portable
devices due to its light weight and compact size. It is also compatible for the inte-
gration with other THz system devices. The involvement of graphene and EBG/PBG
ground helps to improve the gain, directivity, and efficiency of the antenna.

After the brief review, a planar novel microstrip patch structure is proposed for
THz antenna design. The FR-4 substrate with dielectric constant of 4.5 and thickness
of 0.138 mm is used for the proposed design. The proposed MPA illustrates very
good return loss of −39 dB with 8.2917 dB peak gain and 1.2 VSWR at resonant
frequency 0.392 THz with BW above 0.1 THz for outer arc length, A = 0.23 mm.
The simulated results demonstrate the suitability of proposed structure for future THz
devices. The planar configuration is used here for the proposed antenna design, due
to its simple fabrication process, light weight, easier integration with other devices,
etc.

In future, the extendedworkwith improved performance parameters and proposed
patch for THz application will be reported. In order to further improve the perfor-
mance, EBG/PBG techniques with different conductor and dielectric material and
array configuration will be incorporated.

References

1. JamshedMA, Nauman A, Abbasi MAB, Kim SW (2020) Antenna Selection and Designing for
THzApplications: Suitability and Performance Evaluation: A Survey. IEEEAccess 8:113246–
113261

2. Mukherjee P, Gupta B (2008) Terahertz (THz) frequency sources and antennas-A brief review.
Int J Infrared Millimeter Waves 29(12):1091–1102

3. Siegel PH (2002) Terahertz technology. IEEE Trans Microw Theory Tech 50(3):910–928
4. Song H-J, Nagatsuma T (2011) Present and future of terahertz communications. IEEE Trans.

terahertz Sci. Technol. 1(1):256–263
5. Siegel PH (2004) Terahertz technology in biology and medicine. IEEE Trans Microw Theory

Tech 52(10):2438–2447



Design and Simulation of Microstrip Antenna … 281

6. Ferguson B, Zhang X-C (2002) Materials for terahertz science and technology. Nat Mater
1(1):26–33

7. Fitch MJ, Osiander R (2004) Terahertz waves for communications and sensing. Johns Hopkins
APL Tech. Dig. 25(4):348–355

8. Dhillon SS et al (2017) The 2017 terahertz science and technology roadmap. J Phys D Appl
Phys 50(4):43001

9. R. Al Hadi et al., A 1 k-pixel video camera for 0.7–1.1 terahertz imaging applications in 65-nm
CMOS. IEEE J. Solid-State Circuits 47(12), 2999–3012 (2012)

10. Mueller ER (2003) Terahertz radiation: Applications and sources. Ind Phys 9(4):27–30
11. T. Nagatsuma, Antenna technologies for terahertz communications. in 2018 International

Symposium on Antennas and Propagation (ISAP), (2018), pp. 1–2
12. He Y, Chen Y, Zhang L,Wong S-W, Chen ZN (2020) An overview of terahertz antennas. China

Commun. 17(7):124–165
13. K. R. Jha and G. Singh, Improved performance analysis of square patch microstrip antenna at

terahertz frequency. in 2009 International Conference on Advances in Recent Technologies in
Communication and Computing, (2009), pp. 676–679

14. E. Seok et al., A 410 GHz CMOS push-push oscillator with an on-chip patch antenna. in
2008 IEEE International Solid-State Circuits Conference-Digest of Technical Papers, (2008),
pp. 472–629

15. Huang K-C, Wang Z (2011) Terahertz terabit wireless communication. IEEE Microw Mag
12(4):108–116

16. Dash S, Patnaik A (2018) Material selection for TH z antennas. Microw Opt Technol Lett
60(5):1183–1187

17. Keller SD, Zaghloul AI, Shanov V, Schulz MJ, Mast DB, Alvarez NT (2014) Electromag-
netic simulation and measurement of carbon nanotube thread dipole antennas. IEEE Trans
Nanotechnol 13(2):394–403

18. Choi S, Sarabandi K (2010) Performance assessment of bundled carbon nanotube for antenna
applications at terahertz frequencies and higher. IEEE Trans Antennas Propag 59(3):802–809

19. Katehi LPB, Rebeiz GM, Weller TM, Drayton RF, Cheng H-J, Whitaker JF (1993) Microma-
chined circuits for millimeter-and sub-millimeter-wave applications. IEEE Antennas Propag
Mag 35(5):9–17

20. Dean RN Jr, Nordine PC, Christodoulou CG (2000) 3-D helical THz antennas. Microw Opt
Technol Lett 24(2):106–111

21. J. Jin, Z. Cheng, J. Chen, T. Zhou, C. Wu, and C. Xu, Reconfigurable terahertz Vivaldi antenna
based on a hybrid graphene-metal structure. Int. J. RF Microw. Comput. Eng. 30(5), e22175
(2020)

22. Saeed M, Hamed A, Wang Z, Shaygan M, Neumaier D, Negra R (2018) Metal–insu-
lator–graphene diode mixer based on CVD graphene-on-glass. IEEE Electron Device Lett
39(7):1104–1107

23. Zhang B, Jornet JM, Akyildiz IF, Wu ZP (2019) Mutual coupling reduction for ultra-dense
multi-band plasmonic nano-antenna arrays using graphene-based frequency selective surface.
IEEE Access 7:33214–33225

24. Zakrajsek L, Einarsson E, Thawdar N, Medley M, Jornet JM (2016) Lithographically defined
plasmonic graphene antennas for terahertz-band communication. IEEEAntennasWirel Propag
Lett 15:1553–1556

25. Wu Z, LiangM, NgW-R, GehmM, Xin H (2012) Terahertz horn antenna based on hollow-core
electromagnetic crystal (EMXT) structure. IEEE Trans Antennas Propag 60(12):5557–5563

26. Wu Z, Ng W-R, Gehm ME, Xin H (2011) Terahertz electromagnetic crystal waveguide
fabricated by polymer jetting rapid prototyping. Opt Express 19(5):3962–3972

27. J. Sun and F. Hu, Three-dimensional printing technologies for terahertz applications: A review.
Int. J. RF Microw. Comput. Eng. 30(1), e21983 (2020)

28. I. Astm, ASTM52900–15 standard terminology for additive manufacturing—general princi-
ples—terminology. ASTM Int. West Conshohocken, PA 3(4), 5 (2015)



282 P. K. Singh et al.

29. Lubecke VM, Mizuno K, Rebeiz GM (1998) Micromachining for terahertz applications. IEEE
Trans Microw Theory Tech 46(11):1821–1831

30. Chattopadhyay G, Reck T, Lee C, Jung-Kubiak C (2017) Micromachined packaging for
terahertz systems. Proc. of IEEE 105(6):1139–1150

31. Wu Q, Zhang X-C (1996) Design and characterization of traveling-wave electrooptic terahertz
sensors. IEEE J Sel Top Quantum Electron 2(3):693–700

32. H. Togo, A. Sasaki, A. Hirata, and T. Nagatsuma, Characterization of millimeter-wave antenna
using photonic measurement techniques. Int. J. RF Microw. Comput. Eng. Co-sponsored by
Cent. Adv. Manuf. Packag. Microwave, Opt. Digit. Electron. Univ. Color. Boulder 14(3), 290–
297 (2004)

33. Topalli K, Trichopoulos GC, Sertel K (2011) An indirect impedance characterization method
formonolithic THz antennas using coplanar probemeasurements. IEEEAntennasWirel Propag
Lett 11:3–5

34. Li C-H, Chiu T-Y (2017) 340 GHz low-cost and high-gain on-chip higher order mode dielectric
resonator antenna for THz applications. IEEE Trans. Terahertz Sci. Technol. 7(3):284–294

35. Brown ER, Lee AWM, Navi BS, Bjarnason JE (2006) Characterization of a planar self-
complementary square-spiral antenna in the THz region. Microw Opt Technol Lett 48(3):524–
529

36. V. H. Rumsey, Frequency independent antennas. Academic Press (New York, 1966)
37. A. Sharma, G. Singh, and D. S. Chauhan, Design considerations to improve the performance of

a rectangularmicrostrip patch antenna at THz frequency. in 2008 33rd International Conference
on Infrared, Millimeter and Terahertz Waves, (2008), pp. 1–2.

38. Kushwaha RK, Karuppanan P (2020) Parasitic-coupled high-gain graphene antenna employed
on PBG dielectric grating substrate for THz applications. Microw Opt Technol Lett 62(1):439–
447

39. K. C.Huie,Microstrip antennas: broadband radiation patterns using photonic crystal substrates.
Virginia Tech (2002)

40. Zhu N, Ziolkowski RW (2013) Photoconductive THz antenna designs with high radiation
efficiency, high directivity, and high aperture efficiency. IEEE Trans. terahertz Sci. Technol.
3(6):721–730

41. Hao Z-C, Wang J, Yuan Q, Hong W (2017) Development of a low-cost THz metallic lens
antenna. IEEE Antennas Wirel Propag Lett 16:1751–1754

42. Hanson GW (2008) Dyadic Green’s functions and guided surface waves for a surface
conductivity model of graphene. J Appl Phys 103(6):64302

43. Carrasco E, Perruisseau-Carrier J (2013) IEEE Antennas Wirel Propag Lett 12:253–256
44. Dong Y, Liu P, Yu D, Li G, Tao F (2016) Dual-band reconfigurable terahertz patch antenna

with graphene-stack-based backing cavity. IEEE Antennas Wirel Propag Lett 15:1541–1544
45. AwidaMH, Suleiman SH, Fathy AE (2011) Substrate-integrated cavity-backed patch arrays: A

low-cost approach for bandwidth enhancement. IEEETransAntennas Propag 59(4):1155–1163
46. Awida MH, Fathy AE (2012) Design guidelines of substrate-integrated cavity-backed patch

antennas. IET microwaves, antennas Propag 6(2):151–157
47. FuscaldoW, Burghignoli P, Baccarelli P, Galli A (2016) A reconfigurable substrate–superstrate

graphene-based leaky-wave THz antenna. IEEE Antennas Wirel Propag Lett 15:1545–1548
48. Li J, He M, Wu C, Zhang C (2017) Radiation-pattern-reconfigurable graphene leaky-wave

antenna at terahertz band based on dielectric grating structure. IEEE Antennas Wirel Propag
Lett 16:1771–1775

49. Malhotra I, Jha KR, Singh G (2018) Terahertz antenna technology for imaging applications:
A technical review. Int J Microw Wirel Technol 10(3):271

50. M.-R. Nickpay, M. Danaie, and A. Shahzadi, Wideband rectangular double-ring nanoribbon
graphene-based antenna for terahertz communications. IETE J. Res., 1–10 (2019)

51. AlibakhshikenariMet al (2020)High-gain on-chip antenna design on silicon layerwith aperture
excitation for terahertz applications. IEEE Antennas Wirel Propag Lett 19(9):1576–1580

52. van Berkel S et al (2020) Wideband Double Leaky Slot Lens Antennas in CMOS Technology
at Submillimeter Wavelengths. IEEE Trans. Terahertz Sci. Technol. 10(5):540–553



Design and Simulation of Microstrip Antenna … 283

53. Rabbani MS, Ghafouri-Shiraz H (2016) Improvement of microstrip patch antenna gain and
bandwidth at 60GHz andX bands for wireless applications. IETMicrowaves, Antennas Propag
10(11):1167–1173

54. Rabbani MS, Ghafouri-Shiraz H (2015) Improvement of microstrip antenna’s bandwidth
and fabrication tolerance at terahertz frequency bands. IET Microwaves Antennas Propag
10(11):1167–1173

55. Rabbani MS, Ghafouri-Shiraz H (2017) Liquid crystalline polymer substrate-based THz
microstrip antenna arrays for medical applications. IEEE Antennas Wirel Propag Lett
16:1533–1536



Trends in Terahertz Biomedical
Applications
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Abstract Terahertz radiation has drawn enormous attention in recent times due to
its various application possibilities. This chapter reviews various emerging trends
and well-established technologies in Terahertz biomedical. Due to its extraordinary
sensing capabilities, non-invasive, non-ionizing properties, sensitive instrumenta-
tions for spectroscopy and imaging, Terahertz has found various biomedical sensing
applications from biomolecules, proteins to cells and tissues. This chapter high-
lights terahertz device engineering, system technologies, range of materials, aiming
at various biomedical applications. It also includes emerging topics such as terahertz
biomedical imaging, pattern recognition and tomographic reconstruction bymachine
learning and artificial intelligence, for possible biomedical imaging applications.
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1 Terahertz Radiation and Devices

Terahertz (THz) radiation has drawn immense attention due to a vast range of possible
applications. However, THz waves are not suitable for terrestrial radio applications
because of strong absorption by atmospheric gases leading to high attenuation within
a fewmetres in ambiance. THz radiation unlikeX-rays is non-ionizing andhence does
not harm live cells. But THz wave said in the production of high-resolution images.
This radiation can be used to characterize materials, inspect layers, detect bombs,
expose secret arms, inspect tiles on the space shuttle for defects, and detect skin
cancer and tooth decay. THz technology has many uses in surveillance, pathogen
detection, information science, biology, medicine, astronomy, and environmental
science. For successful implementation of THz technology, suitable THz sources as
well as compact and efficient detectors need to be developed.

Currently, various semiconductor devices like quantum cascade lasers (QCLs),
high electron mobility transistors (HEMTs) and hetero junction bipolar transistors
(HBTs) have evolved as potential THz sources. However, there is still need for
compact, cost-effective, efficient and powerful solid-state source at this frequency
range. Impact Avalanche Transit Time (IMPATT) devices based on wide bandgap
semiconductors like GaN are found to generate appreciable power at THz band and
have been proposed by the authors [1–3].

While photon detectors in the visible spectrum have been around for a long time,
detectors in the THz range are much harder to build. This is because the photon
energy in the visible spectrum is typically of the energy range ~1.6 to 3.3 eV, while
THz photon energy is in the range ~0.41 to 41 meV, which is of the order of room
temperature energy (~25 meV). Thus, ambient noise is of the same or higher order
as the energy of THz photons, making it tough to build detectors in the THz range.
However, significant progress has been made in developing THz detectors in recent
decades [4, 5]. THz detectors that are available today can be broadly categorized into
five main kinds based on the mechanism used for detection [6]: (a) THz radiation
heats a material leading to change in a physical property (e.g. Golay cell, thermocou-
ples, bolometers, pyro-electric detectors), (b) THz radiation interacts with plasmons
in a medium (FETs), (c) THz radiation induces an electron transition (e.g. Schottky
Barrier diodes (SBDs), photo-detectors), (d) THz radiation is mixed with reference
radiation in a nonlinear medium (heterodyne detection, laser feedback interferom-
eter), (e) THz radiation interacts with ultrashort optical pulses (optical rectification).
Of this bolometer, thermocouples, Plasmon-based detectors and SBD have drawn
significant interest because of their applications in broadband THz imaging. Hetero-
dyne detection and laser feedback interferometer are narrowband, precise techniques
and have also been used for imaging applications in thefield of astronomy [7].Various
possible application of THz technology has been projected with schematics in Fig. 1
along with THz spectrum with THz distance in Fig. 2. The following sections of this
article review the recent developments in THz biomedical applications, mainly. The
prospects of medical application of THz have been highlighted in Fig. 3 and Table
1.
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Fig. 1 Various applications of THz technology

Fig. 2 The terahertz (THz) spectrum, includes the “THz distance”. THz technology is being used
to detect a wide range of biomaterials, biomolecules, nucleic acids, and proteins at the cellular and
tissue levels. Reproduced with permission from X. Yang, X. Zhao, K. Yang, Y. Liu, Y. Liu, W. Fu,
Y. Luo, Biomedical applications of terahertz spectroscopy and imaging, Trends in Biotechnology
34(10), 810–824 (2016)
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Fig. 3 Terahertz (THz) spectroscopy has the potential to be used in biomedicine. THz can couple
with low-frequency molecular rotations and vibrations of biomaterials, hydrogen bonds, weak
interactions, and van der Waals interactions in the THz range, so it can be used for biomolecular
probing, as shown in (A) THz absorption (absorption coefficient a) for the nucleobases adenosine
(A), cytosine (C), guanine (G), and threonine (7) at 10 K. (B) OD of L-glutamic acid with THz (at
different concentrations: 0.314 [green], 0.585 [black], and 0.837 mol [red]), found to be linearly
proportional to concentration with notable and distinct peaks at 1.22, 2.03, 2.46, 2.68, 2.80, and
3.24 THz. THz absorption coefficient (a) at 270 K for lysozyme (HEWL, egg white) solution (red)
and HEWL I triacetylglucosamine solution (black). (D) Dielectric constants of distilled water and
cultured human cancer cells, such as DLD-1 (red), HEK293 (black), and HeLa (blue) (green). (E) A
comparison of the absorption coefficient (a) of paraffin-embedded brain gliomas (red) and normal
tissues (black) reveals that x for glioma tissue is higher than for normal tissue below 1 THz, but
not at higher frequencies [ reproduced with permission from X. Yang, X. Zhao, K. Yang, Y. Liu,
Y. Liu, W. Fu, Y. Luo, Biomedical applications of terahertz spectroscopy and imaging, Trends in
Biotechnology 34(10), 810–824 (2016)]
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Table 1 Various characteristics of THz spectroscopy for cell detection

Features Explanation Benefits References

Low photon energy THz radiation is
insufficient to cause
chemical damage to
molecules, or knock
particles out of atoms

Non-invasive method C. Yu et al. Quantitative
Imaging in Medicine
and Surgery, 2012,2,
33–45

Sensitive to water
molecules

Water molecules are
significantly more
absorptive than
common
macromolecules

Monitoring cellular
activity and accessing
the living state of cell
according to different
hydration

X. Yang et al. Journal
of Biophotonics,
2016, 9, 1050–1058

Precision of data
analysis

Both amplitude and
phase of the THz
radiation can be
obtained
simultaneously

Precision analysis of
spectral parameters

J.E. Haddad et al.
Trends in Analytical
Chemistry, 2013, 44,
98–105

Spectral fingerprint THz spectroscopies of
different cells are
unique and can be
utilized as fingerprint

Distinguish different
cells

C. Wang et al. Journal
of Biophotonics,
2010, 3, 641–645

Reproduced from L. Yu, L. Hao, T. Meiqiong, H. Jiaoqi, L.Wei, D. Jinying, C. Xueping, F.Weiling,
Z. Yang, The medical application of terahertz technology in non-invasive detection of cells and
tissues: opportunities and challenges, RSC Advances 9 (2019) 9354, under creative commons
attribution-noncommercial 3.0 unported licence

The authors have reported high-performance on-chip integrable uncooled tera-
hertz microbolometer arrays with nanoscale meander-shaped Ti thermistors, fabri-
cated and compatible with state-of-the-art and medium-scale semiconductor device
processes. The reports cover the width dependence of the temperature coefficient
of resistance (TCR) and resistivity (ρ) for platinum (Pt) and titanium (Ti) ther-
mistor used in the room temperature antenna-coupled terahertz microbolometer [8].
Further highlighted characterization of platinum and titanium thermistors for tera-
hertz antenna-coupled bolometers, exploring the reason for the narrowwidth effect in
thin metal lines, correlated with reduced grain size due to reduction of width. Further
proposing the optimumvalue of thermistorwidth considering design requirement and
used for the fabrication of microbolometers [9]. Also highlights the optimization of
the narrow width effect on TCR of metal interconnects in nanometer dimensions of
the thermistor used in terahertz microbolometer arrays [10]. Also reports the design
and fabrication schemes of performance improvement of on-chip integrable tera-
hertz microbolometer arrays using nanoscale meander titanium thermistor [11]. A
performance comparison of SOI-based temperature sensors for room temperature
terahertz operation in antenna-coupled bolometers, MOSFET, PN junction diode
and resistor have been also reported [12]. Further, the possibility of chip-integrated
medical devices for terahertz screening was explored based on authors’ previous
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reports. The authors have highlighted the prospects in medical applications of tera-
hertz waves [13]. The idea of medical imaging, artificial intelligence, Internet of
things and wearable devices in terahertz healthcare technologies was also reported
[14, 15] along with the emerging trends in Internet of things and big data analytics
for biomedical and healthcare technologies which is vital for the healthcare applica-
tions of the devices proposed [16] along with the concept of application of flexible
and 2D materials in THz detection [17]. An implementation of the tunable graphene
nanopatch antenna with chip-integrated terahertz detector arrays for cancer imaging
has also been reported very recently by the authors [18]. Figure 4 shows a Terahertz
microbolometer reported by the authors with nanoscale Ti meander thermistors that
delivered high responsively in unit devices with scope for further miniaturization
with significant potential for application as on-chip integrable detector arrays.

Fig. 4 Opticalmicroscopesa,b images ofTi-baseduncooled antenna-coupledTHzmicrobolometer
arrays onSiN„ andSiO2 substrateswith thermistor designwidths of 0.1 and0.2 pm.b, c,dWith dark-
field vision, enlarged optical microscope images of a series of microbolometers. e, f An expanded
view of a FE-SEM microbolometer system with a heater and a meander-structured thermistor
floating above the cavity. Reproduced from A. Banenee. H. Satoh, D. Elamaran, Y. Sharma. N.
Hiromoto. H. Inokawa, Performance improvement of on-chip integrable terahertz microbolometer
arrays using nanoscalemeander titanium thermistor, Journal of Applied Physics 125, 214502 (2019)
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2 Terahertz Imaging Devices

THz imaging has significant advantages over other imaging methods because of
which they have found numerous applications ranging from healthcare, defence and
security, astronomy and manufacturing [19, 20]. THz imaging provides informa-
tion that is complimentary to most imaging methods such as using X-Ray, UV,
visible or IR for imaging. Most common packaging materials such as paper and plas-
tics are transparent in the THz range which makes it is possible to image contents
inside a package without opening it. Recent measurements in near field have shown
that diffraction limited resolution can also be overcome to achieve good resolution
[21]. THz radiation provides better resolution compared to other shorter frequency
imaging methods because of shorter wavelength. Since THz photons are of much
lower energy compared toX-Rays and are no ionizing, they provide a non-destructive,
non-invasive method to image biological samples. For example, THz imaging has
been used to detect cancer with possibility to achieve micron level resolution and to
evaluate frost damage in barley [22, 23]. Cameras for THz imaging have employed
both single pixel and multipage sensors depending on imaging applications. Single
pixel cameras are preferred over multipage camera because of their reduced cost
and superior durability; however, they require more time to raster-scan a sample in
order to generate a two-dimensional image. This also makes them less suitable for
applications involving moving objects. Some of the multipage camera technologies
such as bolometer arrays are easier to integrate with CMOS technology and provide
benefits of ease ofmanufacturing and cost efficiencywhich has been amajor driver in
various device fabrication and integration schemes [24, 25]. In the below section we
will look at some of the recent developments in single pixel and multi-pixel cameras
followed by a few commercial applications.

Single pixel detectors made of active meta-materials serve as real-time tune-
able, spectrally sensitive spatial masks for terahertz imaging using compressive tech-
niques, allowing for high-frame rate, high-fidelity images [26]. Monolayer graphene
on a high resistance Si substrate illuminated by a coded laser beam was used to
achieve Fourier single pixel imaging, allowing for high quality THz images to be
produced with a small number of measurements [27]. By projecting a time-varying
intense optical pattern onto a Si wafer that spatially modulates the transmission of
synchronous THz radiation for applications in defect detection in circuitry wiring
of a few micrometres in size, single pixel imaging with sub-wavelength resolution
has also been demonstrated [27]. By refining the modulation geometry and post-
processing algorithms, Stantchev et al. were able to demonstrate the acquisition of
a THz-video (32 × 32 pixels at 6 frames per second) in real time using a single
pixel fibre-coupled photoconductive THz detector [28]. Semiconductor nano-wires
provide an interesting platform for device fabrication because of enhanced properties,
simple one-dimensional cylindrical geometry and ease of growth and integration [29,
30]. Semiconductor nano-wires have been used to make FET transistors for imaging
with high responsively and low noise equivalent power (NEP) [31]. Ravaro et al.
[32] used nano-wire as a transistor channel in a FET coupled to a bow-tie antenna
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and increased the THz detection capability to 2.8 THz with a responsively 5 V/W
bandwidth 100 kHz, thus proving the full potential of such approach for the detection
of THz quantum cascade lasers. While single pixel cameras have made remarkable
progress, they suffer from the larger acquisition times for a 2D image generation.
Multi-pixel cameras employ array detectors and generate a two-dimensional image in
a single snapshot. An array detector typically consists of an array of metal antennas
coupled to either SBDs [33], FETs [34, 35] or bolometer [36]. Many THz array
detectors employ SOI substrates and their CMOS integration has been extensively
studied [37, 38].

THz technology has also been commercialized with multiples devices available
commercially. Terasense [39] makes THz cameras, source, scanner, detectors and
antennas. Terasense camera generates THz images in the range of 0.05THz to
1THzwith pixel resolution ranging from 256 pixels (16 × 16 or 256 × 1 array)
to 4096 pixels (64 × 64 array), NEP of 1 nm/

√
Hz, and room temperature respon-

sively of 50 kV/W. The device size is of the order of ten cm with image acquisition
rate of up to 5000 fps for some models. The cameras use Terasense patented tech-
nology involving an array of plasmonic semiconductor detectors [40]. Thruvision
[41] makes THz cameras employing heterodyne detection using GaAs Schottky
diode mixer [42] for screening moving passengers at standoff range for applications
in airport screening, counter-terrorism, and prevention of smuggling of drugs, cash
and other prohibited items. These scanners also allow for detection of suicide vests
and assault weapons from a distance from 3 to 8 m [43]. This camera uses THz radi-
ation at 0.25THz, works below 28zC and captures 6fps. On a stationary person 6 m
away, it can detect an object of size 5 × 5 cm. Other cameras built for applications
in distribution and fulfilment centres for theft prevention can detect objects as small
as 3 × 3 cm hidden under clothing [44, 45].

3 Terahertz Medical Image Processing

Extensive literature survey has been carried out on THz medical image processing in
this report. Peter et al. [46] reported a comprehensive idea on the impact of biology
and medicine utilizing THz technology. They reviewed terahertz applications in the
natural and clinical sciences. Further working at extended wavelength than infrared
(IR) frequencies were investigated with attention on frequencies from 300 GHz to 3
THz the submillimetre-band.

Liu et al. [27] examined the clinical use of terahertz innovation in non-obtrusive
identification of tissues and cells. In this work, the researchers summed up the points
of interest and advances accomplished in THz spectroscopy for platelet recognition,
disease cell portrayal, bacterial identification and organic tissue separation, further
presenting THz frameworks for imaging of tissues. They featured the impacts of
THz radiation and difficulties in techniques to accelerate future clinical applications.
Recently, observing slight change [47] in malignancy cells at a beginning phase
has been recognized with THz spectroscopy with trademark cancer spectral lines.
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THz spectroscopic frameworks have shown application for estimating slight changes
in cell monolayer, identifying quantitative examination of disease cells [48]. THz
spectroscopy can be used for identifying intracellular hydration in malignancy cells
[49]. Due to limited penetration depth of the THz radiation, it is most effective for
scanning teeth and skin. Also, THz attenuation is insignificant to water substance
[47] and this has prompted concern in the examination of hydration of tissues. The
skin comprises of perhaps the biggest organ of the body for reflection imaging. It
is made out of a few layers: dermis, epidermis and hypodermis (or sub-cutaneous
tissues). This layered construction is interesting for reflection imaging as there are
boundaries between materials with different properties that cause the impression of
THz. Estimations on model of human dermis have revealed that the skin constituents
could be separated byTerahertz pulsed imaging (TPI). Trademark changes are created
in images of the skin utilizing ultrasound or Magnetic resonance imaging (MRI)
due to infections, e.g. psoriasis where there is thickening of the epidermis. The
potential offered by TPI is for estimation that is less expensive than MRI and does
not need connection with the skin as ultrasound ensures [50]. Similar to skin, teeth
are interesting for terahertz imaging (Fig. 5).

Fig. 5 THz photographs of breast cancer tissue from a human. aA photograph of freshly harvested
tissue. b A spectral power representation of the frequency domain THz image of fresh tissue. c A
low-resolution pathology image. d THz picture of FFPE block tissue in the time domain. e A
high-resolution pathology picture of the cancer area labelled 1 in (c). f In (c), the high-resolution
pathology picture of the DCIS area is labelled as 2. g In (c), the high-resolution pathology picture
of the cancer-collagen region is labelled as 3. h In (c), a high-resolution pathology picture of the
cancer-fat area. i The collagen-fatty region is marked as 5 in this high-resolution pathology picture
(c). Reproduced with permission from El-Shenawee, Magda, et al., Cancer Detection in Excised
Breast Tumours Using Terahertz Imaging and Spectroscopy. Biomedical Spectroscopy and Imaging
8(1–2), 1–9 (2019)
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Fig. 6 Using glycerol as a penetration-enhancing agent, the penetration depth of THz radiation
was increased. The photos are 5 3 cm2 in scale. a A visible image of a metal goal under a mouse’s
abdominal tissue. b Glycerol was used to treat the tissue on the right side, which has a lower
absorption and phase delay when exposed to THz radiation. In THz imaging, the procedure resulted
in increased contrast. Reproduced with permission from Oh et al., Opt. Express 21, 21299 (2013)

4 Detection of Cancer

Epithelial tissues are responsible for more than 80% of all adult cancers, including
skin, bowel, lung, breast, bladder cancers. THz radiation has been shown in some
studies to be able to differentiate between cancerous and healthy tissue [51].Although
the precise cause is unclear, it is generally assumed that the dissimilar water comfort-
able of these tissues is the primary reason and orientation therein. Deep body pene-
tration is also difficult due to the high THz absorption in aqueous media. As a result,
deep in vivo cases are still scarce, despite the fact that many research studies are
currently underway around the world. Ex vivo applications with skin-deep tests are
feasible with today’s up to date THz imaging structures [52, 53] (Fig. 6).

5 Skin Cancer

THz radiation has been productively utilized to image human skin at a penetration
depth of just a few millimetres. As a result, numerous studies have been conducted
on the early detection and diagnosis of skin cancers [1, 54]. Ex vivo biopsies of
abnormal skin tissues are expected to be reduced or eliminated with this technology.
Early detection also decreases the risk of these tumours, as they are able to previously
be easily indulgenced and costs of care. Some skin cancers are noticeable to the
trained eye, but others, especially those that are small and flat, are not. THz imaging
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Fig. 7 THz photographs of a nodular basal cell carcinoma (BCC, skin cancer) on a patient’s
arm taken in real time. a A photo of a cancerous lesion. b THz image of (a) derived from the
THz waveform’s minimum value. The picture depicts the lesion’s surface. c THz representation of
the tumour at a depth of 250 m. THz diagnostic imaging offers precise skin cancer information.
Reproduced with permission from Wallace et al., Br. J. Dermatol. 151, 424 (2004)

can detect cancers at an early stage due to its ability to distinguish the supernatural
signatures of plane proteins that are markers for some cancers [2, 3] (Fig. 7).

6 Inspection of Wounds and Burns

THz imaging has been used to non-invasively assess wounds and injuries, primarily
using a THz tomography unit. THz tomography is used to create an axial illustration
of a multilayered entity. The mirrored THz pulse train is calculated and analysed
after a THz pulse is shined on the point of interest. Each layer is a distorted pulse that
contains details about its depth andoptical belongings. Thedepth andproperties of the
blaze injury decide the form and size of each replicated pulse when THz tomography
is used for noncontact scrutiny of skin burn injuries [8]. A plastic over-layer (e.g.
Polystyrene) can be used to the surface to provide a guide for the signal analysis.
Areas of burned and unburned have slightly different THz reflectivity (Fig. 8).

This type of processing is also achievable under layers of medical bandage and
cotton [9, 10]. THz imaging in three dimensions (3D) of dental X-rays can help
dentists identify a number of issues, including tooth decay and enamel loss. THz
radiation is attenuated more in decayed enamel than in healthy enamel, resulting in
a distinct contrast in the THz image. The difference in refractive index between the
enamel and dentine tissues is exploited in THz imaging. X-rays are also the most
modern method of dental imaging. X-rays, on the other hand, are unsuccessful at
detecting early stage tooth decay, since tissue damage is easily healed [11].
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Fig. 8 THz spectroscopy and HE-stained (hematoxylin and eosin) picture of the same tissue
segment using separate techniques [54]. Based on the different refractive indexes of tumour and
normal tissue regions, the THz image was generated by computing a tumour likelihood, where zero
corresponds to healthy tissue. The tumour region is depicted in red in (a), which corresponds to
the dark purple area in the HE-stained picture (b). Reproduced with permission from Brain tumour
imaging of rat fresh tissue using terahertz spectroscopy, Sayuri Yamaguchi, Yasuko Fukushi, Oichi
Kubota, TakeakiItsuji, Toshihiko Ouchi & Seiji Yamamoto, Scientific Reports, volume 6, Article
number: 30124 (2016), under a Creative Commons Attribution 4.0 International License

7 Summary

THz has a variety of uses, including the identification of concealed objects for
protection and inspection, non-destructive tests, also medical imaging diagnostics.
THz radiation is non-harmful for cells, has wide range of spectroscopic signatures
for biomolecules with enormous biomedical application advantage as described in
this chapter. However, the lack of appropriate parts, complicated, costly hardware
configurations, hardware and software integration, also low power THz sources,
sensitivity of detectors, substantial water absorptions, and low penetration depths to
achieve high-performance imaging have hindered the mass-market introduction of
THz medical imaging.
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1 Introduction

Recently the different electronic properties of quantized materials have widely been
studied [1–30]. The elastic constants are a very important mechanical property of
stressed devices [31–50] and in this chapter, we study the carrier contribution to
the 2nd and 3rd order elastic constants (φ1 and φ2) in opto-electronic compounds
in terahertz frequency. The influence of magnetic quantization, 1D quantization and
2D quantization has also been studied in this context. The effect of wave length,
intensity, electron statistics, alloy composition and nano thickness on φ1 and φ2 have
been investigated. The influence of magnetic quantization, 1D quantization and 2D
quantization has also been studied in this context.

2 Results and Discussion

Figures 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44 and
45 exhibit the plots of normalized φ1 and φ2 against normalized electron statistics
(n0), intensity (I ), wave length (λ), alloy composition (x, y), magnetic field (B) and
film thickness (dy) respectively. For the purpose of condensation, the HD materials
I nAs, I nSb, Hg1−xCdxT e, I n1−xGax Asy P1−y are denoted by P, Q, R and S
respectively. From the said figures we observe the following:

1. Both φ1 and φ2 increase with increasing electron statistics, intensity, wave
length and alloy composition respectively.

2. They oscillate with 1/B due to SdH effect.
3. In quantum wells, both of them oscillate with film thickness.

Fig. 1 φ1 against n0 for P under terahertz frequency have been drawn where a, b and c represent
the perturbed three band Kane model, two band Kane model and wide gap model respectively. The
d, e and f exhibit the same when I = 0
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Fig. 2 Plots of Fig. 1 for Q

Fig. 3 Plots of Fig. 1 for R

3 Summary

In this chapter, we study the carrier contribution to the 2nd and 3rd order elastic
constants (φ1 and φ2) in opto-electronic materials in terahertz frequency by taking
the bulk of various opto-electronic compounds. The influence of magnetic quanti-
zation, 1D quantization and 2D quantization has also been studied in this context. It
appears that both φ1 and φ2 changes with wave length, intensity, electron statistics,
alloy composition and nano thickness in different ways for all the opto-electronic
compounds as considered here and the influence of quantization of band state is also
being apparent from all the figures.
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Fig. 4 Plots of Fig. 1 for S

Fig. 5 Plots of φ2 for the materials of Fig. 1 for P

Fig. 6 Plots of Fig. 5 for Q
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Fig. 7 Plots of Fig. 5 for R

Fig. 8 Plots of Fig. 5 for S

Fig. 9 Plots of φ1 against I for P
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Fig. 10 Plots of Fig. 9 for Q

Fig. 11 Plots of Fig. 9 for R
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Fig. 12 Plots of Fig. 9 for S

Fig. 13 Plots of φ2 against I for P
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Fig. 14 Plots of Fig. 13 for Q

Fig. 15 Plots of Fig. 13 for R
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Fig. 16 Plots of Fig. 13 for S

Fig. 17 Plots of φ1 against λ for P
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Fig. 18 Plots of Fig. 17 for Q

Fig. 19 Plots of Fig. 17 for R
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Fig. 20 Plots of Fig. 17 for S

Fig. 21 Plots of φ2 against λ for P
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Fig. 22 Plots of Fig. 21 for Q

Fig. 23 Plots of Fig. 21 for R
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Fig. 24 Plots of Fig. 21 for S

Fig. 25 Plots of φ1 against x for R
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Fig. 26 Plots of φ1 against y for S

Fig. 27 Plots of Fig. 25 for R
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Fig. 28 Plots of Fig. 26 for S

Fig. 29 Plot of theφ1 against 1/B for P(blue), Q(red), R (green) and S (black) under the combining
influences of B and terahertz frequency respectively
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Fig. 30 Plots of φ1 against normalized λ for all curves of Fig. 29

Fig. 31 Plots of φ1 against normalized I for all curves of Fig. 29

Fig. 32 Plots of φ1 against x for the two cases of Fig. 29 which are applicable for R and S
respectively
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Fig. 33 Plots of φ1 against normalized I in quantum wells for all curves of Fig. 29

Fig. 34 Plots of φ1 against normalized λ in quantum wells for all curves of Fig. 29

Fig. 35 Plots of φ1 against x for the two cases of Fig. 29 which are applicable for quantum wells
of R and S respectively
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Fig. 36 Plot of φ1 against x for the two cases of Fig. 29 which are applicable for 1D R and S
respectively

Fig. 37 Plots of φ2 against normalized n0 for P, Q, R and S of Fig. 5

Fig. 38 Plots of φ2 against normalized I for P, Q, R and S of Fig. 13
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Fig. 39 Plots of φ2 against normalized λ for P, Q, R and S of Fig. 22

Fig. 40 Plots of φ2 against normalized x for R and S of Fig. 27

Fig. 41 Plots of φ2 against normalized λ for P, Q, R and S of Fig. 39
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Fig. 42 Plots of φ2 against normalized I for P, Q, R and S of Fig. 13

Fig. 43 Plots of φ2 against normalized λ for R and S of Fig. 27

Fig. 44 Plots of φ2 against normalized x for quantum wells of R and S of Fig. 27
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Fig. 45 Plots of φ2 against normalized x for 1D R and S of Fig. 27
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Abstract In this chapter, we study the influences of size quantization, magnetic
quantization, cross-fields configurations and inversion layers on the screening length
(SL) in opto-electronic compounds. We note that the screening length oscillates with
inverse quantizing magnetic field under magnetic quantization due to SdH effect,
exhibits quantum jumps with nano-thickness under size quantization and changes
with alloy composition, electron statistics and electric field in various manners for
different types of opto-electronic compounds as considered here. All the results in the
absence of terahertz frequency have further been plotted to exhibit the mathematical
compatibility in this context.
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1 Introduction

In recent years, various physical properties of nano-devices have been extensively
investigated [1–30]. The impact of the concept of SL in solid-state devices has
been widely studied [31–50]. The classical expressions of SL (denoted by LD)
in wide gap materials under two extreme conditions of degeneracy are given by
LD = [εsckBT/(e2n0)]1/2 and LD = (π2/3

�
√

εsc)(eg
1/3
v 31/6n1/60

√
mc)

−1, respec-
tively, where the notations have their usual meaning. Under non-degenerate condi-
tion, LD is temperature dependent, whereas under the condition of extreme degen-
eracy, the SL is independent of temperature. In this chapter, we study the influences
of size quantization, magnetic quantization, cross-field configurations and inversion
layers on the SL in opto-electronic compounds.

2 Results and Discussion

Figures 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65 and 66
exhibit the plots of normalized SL is (denoted by φ3) against normalized electron

Fig. 1 φ3 Against normalized n0 for W in the presence of terahertz frequency. The (a), (b) and (c)
represent the three and two band models of Kane and together with wide bands, respectively. The
(d), (e) and (f) represent the same when I = 0. The (g) exhibits the classical expression
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Fig. 2 Plot of Fig. 1 for X

Fig. 3 Plot of Fig. 1 for Y

statistics, intensity, wave length, alloy composition, magnetic field, film thickness
and electric field, respectively. For the purpose of condensation, the HD materials
I nAs, I nSb, Hg1−xCdxT e, I n1−xGax Asy P1−y are denoted by W, X, Y and Z,
respectively. From the said figures, we observe the following:

1. The SLdecreaseswith increasing electron statistics, intensity,wave length, alloy
composition, respectively.

2. The SL oscillates with 1/B due to SdH effect.
3. In quantum wells, the SL exhibits quantum jumps with nano-thickness.
4. The specific magnitude of SL band structure dependent.
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Fig. 4 Plot of Fig. 1 for Z

Fig. 5 Plot of φ3 against I for W

3 Summary

In this chapter, we study the influences of size quantization, magnetic quantiza-
tion, cross-fields configurations and inversion layers on the screening length (SL)
in opto-electronic compounds. We note that the screening length oscillates with
inverse quantizing magnetic field under magnetic quantization due to SdH effect,
exhibits quantum jumps with nano-thickness under size quantization and changes
with alloy composition, electron statistics and electric field in various manners for
different types of opto-electronic compounds as considered here. All the results in the
absence of terahertz frequency have further been plotted to exhibit the mathematical
compatibility in this context.
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Fig. 6 Plot of Fig. 5 for X

Fig. 7 Plot of Fig. 5 for Y
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Fig. 8 Plot of Fig. 5 for Z

Fig. 9 Plot of φ3 against λ for W

Fig. 10 Plot of Fig. 9 for X
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Fig. 11 Plot of Fig. 9 for Y

Fig. 12 Plot of Fig. 9 for Z
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Fig. 13 Plot of φ3 against x for Y

Fig. 14 Plot of Fig. 13 for Z
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Fig. 15 Plot of φ3 against dz for QWs of W

Fig. 16 Plot of Fig. 15 for X
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Fig. 17 Plot of Fig. 15 for Y

Fig. 18 Plot of Fig. 15 for Z
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Fig. 19 Plot of φ3 against n0 for 2D W

Fig. 20 Plot of Fig. 19 for 2D X
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Fig. 21 Plot of Fig. 19 for 2D Y

Fig. 22 Plot of Fig. 19 for 2D Z
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Fig. 23 Plot of φ3 against I for 2D W

Fig. 24 Plot of Fig. 23 for 2D X
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Fig. 25 Plot of Fig. 23 for 2D Y

Fig. 26 Plot of Fig. 23 for 2D Z
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Fig. 27 Plot of φ3 against λ for 2D W

Fig. 28 Plot of Fig. 27 for 2D X
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Fig. 29 Plot of Fig. 27 for 2D Y

Fig. 30 Plot of Fig. 27 for 2D Z
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Fig. 31 φ3 against 1/B for W

Fig. 32 Plot of Fig. 31 for X
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Fig. 33 Plot of Fig. 31 for Y

Fig. 34 Plot of Fig. 31 for Z
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Fig. 35 φ3 against n0 for QWs of W

Fig. 36 Plot of Fig. 35 for X
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Fig. 37 Plot of Fig. 35 for Y

Fig. 38 Plot of Fig. 35 for Z
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Fig. 39 Plot of inverse φ3 against I for W

Fig. 40 Plot of Fig. 39 for X
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Fig. 41 Plot of Fig. 39 for Y

Fig. 42 Plot of Fig. 39 for Z
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Fig. 43 Plot of φ3 against λ for W

Fig. 44 Plot of Fig. 43 for X
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Fig. 45 Plot of Fig. 43 for Y

Fig. 46 Plot of Fig. 43 for Z
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Fig. 47 Plot of φ3 against 1/B for W under cross-fields configuration

Fig. 48 Plot of Fig. 47 for X
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Fig. 49 Plot of Fig. 43 for Y

Fig. 50 Plot of Fig. 43 for Z
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Fig. 51 Plot of φ3 against n0 for W under cross-field configuration

Fig. 52 Plot of Fig. 51 for X
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Fig. 53 Plot of Fig. 51 for Y

Fig. 54 Plot of Fig. 51 for Z
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Fig. 55 Plot of φ3 against I for W under cross-field configuration

Fig. 56 Plot of Fig. 55 for X
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Fig. 57 Plot of Fig. 55 for Y

Fig. 58 Plot of Fig. 55 for Z
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Fig. 59 Plot of φ3 against λ for W under cross-field configuration

Fig. 60 Plot of Fig. 59 for X
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Fig. 61 Plot of Fig. 59 for Y

Fig. 62 Plot of Fig. 59 for Z
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Fig. 63 Plot of φ3 against E0 for W under cross-field configuration

Fig. 64 Plot of Fig. 63 for X
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Fig. 65 Plot of Fig. 63 for Y

Fig. 66 Plot of Fig. 63 for Z
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